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INTRODUCTION 


A  number  of  gene  delivery  systems,  including  virally-based  vectors  as  well  as  non-viral 
methods,  are  presently  being  explored  as  potential  DNA  delivery  vehicles  for  gene-  and  immuno¬ 
therapy  of  breast  cancer.  However,  currently  available  DNA  delivery  vehicles  for  gene  therapy  of 
breast  cancer  have  a  very  wide  host  cell  range,  making  it  difficult  to  specifically  target  them  to 
tumor  cells.  Therefore,  the  experiments  that  were  performed  under  the  auspices  of  this  grant 
award  were  aimed  at  developing  innovative  new  approaches  that  will  allow  one  to  selectively 
target  DNA  molecules  to  breast  cancer  cells.  The  underlying  hypothesis  which  we  explored  was 
as  follows:  that  one  can  use  specific  protein  or  peptide  sequences  to  selectively  target  linked  DNA 
molecules  to  breast  cancer  cells.  This  hypothesis  was  explored  by  a  combination  of  approaches, 
including  the  use  of  peptide  phage  display  libraries  and  recombinant  adenovirus-derived  gene 
delivery  systems. 


BODY 


Approved  Tasks 

The  following  tasks  were  outlined  in  the  approved  statement  of  work  for  this  grant: 

•  Task  1.  Analysis  of  DNA  delivery  by  adenovirus  penton  base  proteins  (AdPB)  (months  1-12) 

•  Task  2.  Application  of  phage  display  technology  to  the  identification  of  breast  cancer  targeting 
peptides  (months  1-15).  Timeline  extended  to  1-36  months. 

•  Task  3.  Analysis  of  DNA  delivery  to  breast  cancer  cells  by  novel  peptides  (months  16-30). 
Timeline  extended  to  16-36  months. 

•  Task  4.  Studies  of  DNA  delivery  using  an  in  vivo  xenograft  model  for  breast  cancer  (months 
25-36).  Originally  included  in  the  approved  tasks,  but  ultimately  deferred  until  a  future  date, 
when  more  compelling  in  vitro  data  exist.  The  adenovirus  penton  base  proteins  developed  in 
Aim  1  did  not  show  sufficient  promise  to  merit  performance  of  these  in  vivo  studies.  This 
decision  was  made  for  two  major  reasons.  First,  the  AdPB  proteins  mediated  DNA  delivery 
with  a  lower  level  of  efficiency  than  commercially  available  reagents  such  as  lipofectamine. 
Second,  DNA  delivery  by  AdPB  required  the  formation  of  unstable  trimolecular  complexes, 
incorporating  AdPB,  DNA  and  a  bridging  peptide.  It  was  deemed  highly  unlikely  that  a 
tirmolecular  complex  of  this  kind,  held  together  by  low-affinity  peptide-DNA  and  peptide-protein 
interactions  would  remain  intact  in  vivo  We  therefore  decided  to  extend  Task  2,  because  we 
obtained  exciting  preliminary  data  in  these  experiments.  In  particular,  we  focussed  our 
attention  on  the  derivation  of  more  promising  lead  molecules,  with  the  ability  to  interact  with 
key  cell  surface  receptors  expressed  on  breast  cancers  (i.e.,  av/33  integrin  and  CD40;  see 
below). 
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Research  Accomplishments  associated  with  the  above  tasks 


Task  1:  Experiments  on  the  analysis  of  DNA  delivery  by  adenovirus  penton  base  proteins  are 
summarized  in  the  paper  by  Bal  et  al  (Appendix),  which  was  published  in  Eur.  J.  Biochem  (Bal  et 
at.).  Key  findings,  reported  in  this  paper,  were  as  follows: 

tjj  Full  length  Ad7  penton  base  protein  (Ad7PB)  and  short  peptides  corresponding  to  the 
integrin-binding  domain  from  Ad7PB  (Ad7PB-derived  RGD  peptides)  were  capable  of 
mediating  DNA  transfer  into  293  cells.  However,  the  efficiency  of  this  DNA  transfection 
was  approximately  lOO-IOOOx  worse  than  that  mediated  by  standard  methods 
(lipofectamine). 

m  Ad7PB  and  Ad7PB-derived  RGD  peptides  gave  a  very  low  (undetectable)  rate  of  DNA 
transfer  into  primary  cells  (including  dendritic  cells)  and  were  also  highly  inefficient  in 
mediated  DNA  transfer  into  cell  lines  other  than  293  cells. 

xu  Ad7PB-mediated  DNA  transfer  was  highly  variable 


While  encouraging,  our  findings  with  the  Ad7PB  DNA  delivery  method  suggested  to  us  that  his 
approach  is  highly  unlikely  to  prove  suitable  for  in  vivo  DNA  delivery.  This  obligated  us  to  explore 
further  approaches  to  the  generation  of  cell-targeting  approaches  and  to  extend  the  timeline  for 
Task  2.  Ultimately,  this  resulted  in  a  decision  to  forgo  Task  4,  so  as  to  focus  on  the  generation  of 
useful  reagents  capable  of  most  effectively  targeting  breast  cancer  cells.  Future  experiments 
(supported  by  new  grant  applications)  will  be  conducted  to  pursue  the  effectiveness  of  these  DNA 
delivery  methods,  with  respect  to  gene  transfer  into  breast  cancer  cells. 


Task  2:  Experiments  aimed  at  the  identification  of  novel  breast  cancer  targeting  peptides 

generated  results  that  included  the  following  findings  (which  were  previously  reported  in  the  year 

one  and  year  two  annual  reports  for  this  award): 

•  Construction  of  a  random  peptide  display  library  in  T7  bacteriophage 

•  Development  of  protocols  to  enrich  for  phage  populations  capable  either  of  binding  to  specific 
cellular  receptors  (CD40,  avp3  integrin),  or  capable  of  undergoing  internalization  in  cultured 
human  cells 

•  Application  of  these  methods  to  breast  cancer  cells,  and  recovery  of  phage  populations  with  an 
enhanced  ability  to  enter  breast  cancer  cells 

•  Application  of  these  methods  to  specific  endocytosing  cell  surface  receptos  expressed  on 
breast  cancer  cells  (CD40,  avp3),  and  recovery  of  phage  populations  with  an  enhanced  ability 
to  bind  to  these  molecules 

•  Retargeting  of  adenovirus  vectors  using  phage-selected  peptides.  In  these  experiments  we 
have  elected  to  explore  the  feasibility  of  using  phage-selected  peptides  to  retarget  adenovirus 
vectors  to  the  CD40  molecule,  since  this  receptor  is  highly  expressed  on  some  breast 
carcinomas  (6,  10).  In  pilot  feasibility  experiments,  we  have  examined  ability  of  our  CD40- 
selected  peptides  to  enhance  adenovirus-mediated  gene  transfer  into  primary  human  and 
murine  dendritic  cells  (DC),  which  express  CD40  and  which  also  express  very  low  levels  of  the 


primary  adenovirus  receptor  (the  coxsackie  and  adenovirus  receptor,  or  CAR).  These  pilot 
experiments  were  approached  by  synthesizing  bifunctional  oligopeptides,  containing  two 
distinct  domains,  separated  by  a  short  spacer  (GGGS).  Functional  peptide  domains  were  as 
follows:  (1)  a  motif  that  binds  to  the  adenovirus  fiber  protein  (MH20; 
RAIVGFRVQWLRRYFVNGSR),  and  (2)  a  phage-derived  peptide  selected  for  the  ability  to 
bind  to  CD40  (ATYSEFPGNLKP)  or  a  mutated  derivative  of  the  same  peptide  in  which  the 
consensus  CD40-binding  region  was  replaced  by  alanines  (ATYSEAAAALKP).  The  peptides 
were  then  added  to  a  fixed  amount  of  an  adenovirus  vector  expressing  the  jellyfish  green 
fluorescent  protein  (Ad:GFP).  The  peptide-conjugated  virus  preparation  was  then  added  to  the 
target  cells,  and  GFP  expression  was  quantitated  48  hours  later,  using  flow  cytometry.  The 
results  of  this  experiment  revealed  that  phage-selected  peptides  can  indeed  enhance 
adenovirus  infection  of  CD40+  dendritic  cells  (both  human  and  murine). 


New  findings,  derived  from  the  third  and  final  project  year,  are  summarized  below  and  in  greater 
detail  in  the  manuscript  by  Richards  and  coworkers  (see  Appendix;  Richards  J.,  et  ai). 


Background:  Whv  Target  av|33? 

Alphavbeta3  (CD51/CD61)  is  a  member  of  the  integrin  family  of  cell  surface  adhesion 
receptors.  Over  20  different  a|3  integrin  heterodimers  exist,  each  with  different  tissue  and  ligand 
specifities.  Normal  tissue  distribution  of  av|33  is  generally  limited  to  high  levels  of  expression  on 
osteoclasts,  with  lower  levels  observed  on  platelets,  megakaryocytes,  kidney,  vascular  smooth 
muscle,  placenta,  dendritic  cells,  and  in  varying  amounts  on  normal  endothelium. 

avp3  integrin  is  a  multifunctional  cell  surface  receptor  that  has  pleiotropic  roles  in  normal  cell 
growth  and  survival,  and  which  can  contribute  to  oncogenesis.  Consistent  with  this,  upregulation 
of  av|33  expression  has  been  observed  on  the  endothelial  cells  of  angiogenic  vessels,  and  binding 
of  av|33  to  the  basement  membrane  is  a  critical  step  in  the  angiogenesis  induced  by  basic 
fibroblast  growth  factor  and  tumor  necrosis  factor  alpha  (5).  Expression  of  av|33  has  also  been 
implicated  in  tumor  invasion,  and  it  has  been  shown  that  avp3  binds  matrix  metalloproteinase-2 
(MMP-2)  and  presents  MMP-2  on  the  surface  of  invasive  carcinomas  and  on  invasive  angiogenic 
endothelial  cells  (2,  8). 

avp3  also  regulates  cell  growth  and  survival,  since  ligation  of  this  receptor  can,  under  some 
circumstances,  induce  apoptosis  in  tumor  cells  (7).  Furthermore,  disruption  of  cell  adhesion  with 
anti-av|33  antibodies,  RGD  peptides,  and  other  integrin  antagonists  has  been  shown  to  slow  tumor 
growth  (1,  3,  4).  Finally,  the  selective  upregulation  of  <xv|33  expression  on  tumor  blood  vessels  is 
also  being  explored  as  the  basis  for  imaging  of  neoplastic  lesiosn,  and  the  av|33-specific  antibody 
LM609  has  been  successfully  used  for  this  purpose  in  vivo  (9). 

Novel  molecules  capable  of  binding  with  high  specificity  to  av|33  integrin  have  potential  utility  in 
several  applications,  and  as  a  consequence,  av|33  is  an  important  target  for  drug  discovery  and 
selection  of  new  binding  ligands.  The  tenth  fibronectin  type  III  domain  (FNfnIO)  was  developed  as 
a  phage  display  scaffold  because  of  its  small  size  (94  residues),  monomeric  assembly,  and  ability 
to  retain  its  folded  p-sheet  morphology  while  exposed  loops  were  randomized.  In  addition,  FNfnIO 
lacks  cysteine  residues  and  requires  no  post-translational  modification,  allowing  for  large-scale 
bacterial  expression.  We  reasoned  that  since  FNfnIO  binds  av|33  in  vivo,  affinity  maturation  of  the 
RGD  sequence  in  the  exposed  FG  loop  might  result  in  a  modified  FNfnIO  with  high-affinity  for 
av|33.  We  further  reasoned  that  a  modified  derivative  of  FNfnIO  might  be  particulatly  useful  for 
vector  or  gene  delivery  applications  because  of  (1)  the  small  size  of  this  protein,  (2)  its  simple 
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monomeric  structure,  and  (3)  its  lack  of  disulfide  bonds.  These  considerations  suggested  to  us 
that  it  ought  to  be  possible  to  place  a  modified  FNfnIO  on  the  surface  of  bacteriophage  or  virus 
vectors  (for  DNA  delivery  applications)  and  also  to  derivatize  the  protein  in  such  a  way  as  to  link  it 
directly  to  plasmid  DNA  molecules.  As  such,  the  modified  FNfnIO  protein  might  be  expected  to 
have  major  advantages  over  the  adenovirus  penton  base  protein  (AdPB),  which  emerged  as  a 
somewhat  more  difficult  reagent,  due  in  part  to  its  larger  size,  disulfide  bonds  and  propensity  to 
form  multimers. 

Summary  of  findings 

As  noted  above,  we  have  utilized  a  natural  integrin-binding  protein,  the  tenth  fibronectin  type  III 
domain  (FNfnIO),  as  a  scaffold  for  the  selection  of  novel  av|33-binding  molecules.  By  randomizing 
residues  surrounding  the  RGD  sequence  in  the  flexible  FG  loop  of  FNfnIO,  we  selected  ccv|33- 
binding  modified  FNfnIO  clones  with  a  novel  RGDWXE  consensus  sequence.  One  of  these 
clones,  3JCLI4-FNfn10,  binds  with  high  affinity  and  specificity  to  purified  ccv|33  integrin.  It  also 
interacts  with  cell  surface-expressed  av|33,  as  determined  by  flow  cytometry,  but  does  not  bind 
detectably  to  other  cell  surface  integrins.  Taken  together,  these  data  show  that  3JCL14-FNfn10  is 
a  specific,  high-affinity  avp3-binding  protein  which  may  have  utility  in  future  applications  involving 
the  targeting  of  avp3-positive  cells. 

The  complete  results  from  this  work  are  included  in  the  Appendix,  in  the  manuscript  by 
Richards  et  al. 
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KEY  RESEARCH  ACCOMPLISHMENTS  OF  THIS  WORK 

xu  Recombinant,  bacterially-expressed  adenovirus  type  7  penton  base  protein  (Ad7PB)  was 
shown  to  be  capable  of  mediating  DNA  transfer  into  mammalian  cells,  when  coupled  to 
plasmid  DNA  via  a  bifunctional  peptide  linker.  However,  the  efficiency  of  this  DNA 
transfection  was  rather  variable  and  in  general,  considerably  inferior  to  that  mediated  by 
standard  methods  (lipofectamine)  in  cell  lines  and  primary  cells. 

xu  Construction  of  a  random  peptide  display  library  in  T7  bacteriophage,  and  use  of  this  library 
to  select  for  phage  populations  capable  of  binding  to  specific  cellular  receptors,  including  a 
key  integrin  receptor  that  is  expressed  on  some  breast  cancers  and  on  breast  tumor 
vasculature  (avp3  integrin)  and  a  second  receptor  that  is  also  expressed  on  some  breast 
carcinomas  (CD40). 

xu  Successful  retargeting  of  adenovirus  vectors  using  phage-selected  peptides.  In  these 
experiments  we  used  phage-selected,  CD40-binding  peptides  to  show  that  one  can 
substantially  enhance  the  efficiency  with  which  adenovirus  vectors  deliver  DNA  to  cells 
which  express  CD40,  and  which  also  express  only  very  low  levels  of  the  major  adenovirus 
receptor  (the  coxsackie-and-adenovirus  receptor,  or  CAR). 

xu  Utilization  of  a  natural  integrin-binding  protein,  the  tenth  fibronectin  type  III  domain 
(FNfnIO),  as  a  scaffold  for  the  selection  of  novel  av|33-binding  molecules  and  successful 
identification  of  novel  integrin-binding  proteins  using  this  method.  Briefly,  by  randomizing 
residues  surrounding  the  RGD  sequence  in  the  flexible  FG  loop  of  FNfnIO,  we  selected 
av|33-binding  modified  FNfnIO  clones  with  a  novel  RGDWXE  consensus  sequence.  One  of 
these  clones,  3JCLI4-FNfn10,  binds  with  high  affinity  and  specificity  to  purified  av|33 
integrin.  It  also  interacts  with  cell  surface-expressed  avp3,  as  determined  by  flow 
cytometry,  but  does  not  bind  detectably  to  other  cell  surface  integrins.  Taken  together, 
these  data  show  that  3JCL14-FNfn10  is  a  specific,  high-affinity  <xv|33-binding  protein. 
These  properties,  combined  with  the  small,  monomeric,  cysteine-free  and  highly  stable 
structure  of  3JCLI4-FNfn10,  may  make  this  protein  useful  in  future  applications  involving 
the  targeting  of  av|33-positive  cells. 
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summer  undergraduate  researchers,  Ms.  Johanna  Abend  and  Ms.  Laura  McLane,  was  also 
provided.  Ms.  Abend’s  entered  the  graduate  (Ph.D.)  program  in  summer  of  2003  -  a  goal  which 
was  enhanced  by  her  training  under  this  award.  Ms.  McLane’s  long-term  goals  are  similar, 
although  she  is  presently  employed  as  a  laboratory  technician  at  Emory  University. 
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CONCLUSIONS 


The  conclusions  which  can  be  drawn  from  this  research  are  as  follows: 

tjj  Recombinant,  bacterial ly-expressed  adenovirus  type  7  penton  base  protein  (Ad7PB)  can  be 
used  to  mediate  DNA  transfer  into  mammalian  cells,  when  it  is  coupled  to  plasmid  DNA  via 
a  bifunctional  peptide  linker.  However,  the  efficiency  of  this  DNA  transfection  is  variable 
and  it  is,  in  general,  much  less  efficient  than  standard  methods  for  plasmid  DNA  transfer 
into  mammalian  cells. 

tit  Adenovirus  vectors  can  be  successfully  targeted  to  specific  cell  types  of  interest,  using 
specific  ligand-binding  peptides  that  can  be  identified  through  the  application  of  phage 
display  technology.  In  particular,  we  were  able  to  show  that  bifunctional  CD40-binding 
peptides  can  be  used  to  enhance  adenovirus  infection  of  CD40-positive  murine  and  human 
cells  which  are  deficient  in  the  primary  adenovirus  receptor  (the  coxsackie-and-adenovirus 
receptor,  or  CAR).  Since  many  breast  carcinomas  express  high  levels  of  CD40  and  are 
deficient  in  CAR,  these  results  are  directly  relevant  to  improving  gene  delivery  to  breast 
cancer  cells. 

nr  A  natural  integrin-binding  protein,  the  tenth  fibronectin  type  III  domain  (FNfnIO),  can  be 
successfully  used  as  a  scaffold  for  the  selection  of  novel  avp3-binding  molecules.  By 
randomizing  residues  surrounding  the  RGD  sequence  in  the  flexible  FG  loop  of  FNfnIO,  we 
selected  avp3-binding  modified  FNfnIO  clones  with  a  novel  RGDWXE  consensus 
sequence.  One  of  these  clones,  3JCLI4-FNfn10,  was  shown  to  bind  with  high  affinity  and 
specificity  to  purified  avp3  integrin.  It  also  interacted  with  cell  surface-expressed  avp3,  as 
determined  by  flow  cytometry,  but  did  not  bind  detectably  to  other  cell  surface  integrins. 
Thus,  we  were  able  to  derive  a  novel,  specific,  high-affinity  avp3-binding  protein.  This 
protein  is  small,  monomeric,  cysteine-free  and  highly  stable,  which  may  make  it  very  useful 
in  future  applications  involving  the  targeting  or  detection  of  avp3-positive  cells  (such  as 
those  found  in  breast  tumor  vasculature). 


“So  What  Section” 

The  knowledge  gained  from  these  experiments  advances  the  basic  goals  proposed  in  the 
original  grant  application,  and  provides  important  tools  and  insights  into  approaches  which  can 
be  used  to  selectively  deliver  therapeutic  DNA  to  breast  cancers. 
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ABSTRACT  #1 


H.  P.  Bal,  J.  Chroboczek,  R.W.H.  Ruigrok,  S.  Dewhurst.  Adenovirus  type  7  penton:  Purification  of 
soluble  pentamers  from  E.  coli  and  development  of  an  integrin-dependent  gene  delivery  system. 
Oral  Presentation  at  the  Third  Annual  Meeting  of  the  American  Society  of  Gene  Therapy,  May  31  - 
June  4,  2000  (Denver,  Colorado). 


Adenoviral  gene  therapy  vectors  suffer  from  the  disadvantages  of  toxicity  and  immunogenicity 
associated  with  the  expression  of  adenoviral  gene  products  from  the  vector  backbone.  We  report 
here  an  alternate  strategy  for  gene  delivery  that  utilizes  a  single  component  of  the 
adenoviral  type  7  capsid  -  the  penton  (Ad  7  PB).  The  Ad7  PB  gene  was  sequenced  and  its  amino 
acid  composition  was  deduced  from  its  nucleotide  sequence.  Ad7  PB  exhibited  strict  conservation 
of  residues  essential  for  pentamerization  and  fiber-binding.  The  penton  was  expressed  in  E.  coli  in 
the  soluble  form  as  a  C-terminal  fusion  with  GST  (GST-Ad7  PB)  and  was 

purified  by  a  single-step  affinity  chromatography.  Both  GST-Ad7  PB  and  cleaved  (GST-free)  Ad7 
PB  retained  the  ability  to  fold  into  native  pentamers  as  observed  by  electron  microscopy.  GST- 
Ad7  PB  was  able  to  bind  a  synthetic  peptide  (FK20)  derived  from  the  Ad  type  7  fiber  and  retard 
DNA  through  a  polylysine  chain  present  at  the  C-terminus  of  the  linker  peptide.  GST-Ad7  PB  was 
an  effective  cell  transfecting  agent  when  assayed  on  293  cells.  Transfection  was  not  dependent 
upon  the  presence  of  lysosomotropic  agents  indicating  efficient  endosome  escape  capability. 
Excess  of  an  RGD-containing  peptide  derived  from  Ad7  PB  was  able  to  inhibit  transfection 
indicating  specific  integrin-mediated  uptake  of  the  GST-Ad7  PB-FK20-DNA  complexe.  Integrins 
have  distinct  cell-surface  expression  profiles  that  can  be  exploited  for  delivery  to  a  variety  of  cell 
types  of  lymphoid,  hematopoietic,  endothelial  and  epithelial  origin,  in  a  specific  manner.  We 
propose  that  Ad7  pentons  can  be  developed  into  powerful  integrin-specific  gene  delivery  agents. 
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ABSTRACT  #2 


J.  Richards,  M.  Miller,  A.  Koide,  S.  Koide,  S.  Dewhurst.  Directed  evolution  of  fibronectin  type  III 
domain  toward  high  affinity  molecules  binding  to  avp3  integrin.  Presented  at:  "Phage  Display 
Technologies:  Directed  Protein  Evolution":  April  2001,  Boston,  Mass. 


To  improve  the  safety  and  efficacy  of  viral  vectors  in  vaccine  and  gene  therapy  studies,  it 
is  advantageous  to  exercise  control  over  the  target  cell  tropism  of  the  vectors.  Since  phage 
display  technology  allows  for  the  selection  of  receptor-specific  ligands,  this  technique  has  been 
adapted  to  screening  for  ligands  to  alphavbeta3  integrin.  Our  goal  is  to  find  both  high-affinity 
binding  ligands  as  well  as  ligands  which  will  trigger  receptor  internalization.  The  cell  adhesion 
receptor  alphavbeta3  (avp3)  integrin  is  a  target  of  interest  because  of  its  expression  on  endothelial, 
dendritic,  and  cancer  cells;  its  role  in  angiogenesis;  and  its  involvement  in  the  entry  of  many 
viruses  (including  adenovirus)  into  host  cells.  Previous  work  using  phage  display  methods  has 
resulted  in  the  identification  of  short  avp3-binding  peptides  containing  the  RGD  consensus  motif. 
However,  we  believe  that  it  may  be  possible  to  select  for  higher  affinity  interactions  using  a  small 
protein  scaffold.  Fibronectin  is  a  natural  ligand  for  avP3,  which  is  compromised  of  multiple 
domains.  The  tenth  fibronectin  type  III  domain  (FN3)  of  human  fibronectin  is  a  very  stable,  small 
(<  100  amino  acids),  structurally  defined  molecule  with  an  immunoglobulin-like  structure  and  a 
loop  containing  the  RGD  sequence.  We  have  established  phage  display  systems  for  FN3  [Koide 
et  al.  (1998)  J.  Mol.  Biol.  284:1141],  By  randomizing  the  residues  in  the  FG  loop  of  FN3  in  a 
library  displayed  on  Ml 3  bacteriophage,  sequences  binding  with  much  higher  affinity  to  avp3  were 
selected,  all  of  which  contain  a  consensus  sequence.  This  FN3  library  has  also  been  screened 
for  internalization  into  selected  cell  lines  of  interest.  Future  applications  may  include  not  only  gene 
therapy/vector  development  but  also  tumor  inhibition  and  tumor  detection/visualization. 
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Adenovirus  type  7  penton 

Purification  of  soluble  pentamers  from  Escherichia  coli  and  development  of  an 
integrin-dependent  gene  delivery  system 

Harshawardhan  P.  Bal1*,  Jadwiga  Chroboczek2,  Guy  Schoehn3,  Rob  W.  H.  Ruigrok3  and  Stephen  Dewhurst1,4 

1  Department  of  Microbiology  and  Immunology,  University  of  Rochester  Medical  Center,  NY,  USA;  2Institut  de  Biologie  Structurale,  Grenoble, 
France;  3 European  Molecular  Biology  Laboratory,  Grenoble  Outstation,  France;  4 Cancer  Center,  University  of  Rochester,  NY,  USA 


Adenoviral  gene  therapy  vectors  suffer  from  the  disadvantages  of  toxicity  and  immunogenicity  associated  with 
the  expression  of  adenoviral  genes  from  the  vector  backbone.  We  report  here  an  alternative  strategy  for  gene 
delivery  that  utilizes  a  single  component  of  the  adenoviral  type  7  capsid,  the  penton  base  (Ad7PB).  The  Ad7PB 
gene  was  sequenced  and  its  amino-acid  composition  was  deduced  from  its  nucleotide  sequence.  The  penton  was 
expressed  in  Escherichia  coli  as  a  soluble  C-terminal  fusion  with  glutathione  S-transferase  (GST-Ad7PB)  and 
was  purified  by  single-step  affinity  chromatography.  Both  GST-Ad7PB  and  cleaved  (GST-free)  Ad7PB  retained 
the  ability  to  fold  into  pentamers  as  observed  by  electron  microscopy.  GST-Ad7PB  was  able  to  bind  a  synthetic 
peptide  (FK20)  derived  from  the  Ad  type  7  fiber  and  retard  DNA  through  a  polylysine  chain  present  at  the 
C-terminus  of  this  linker  peptide.  GST-Ad7PB  was  an  effective  cell  transfecting  agent  when  assayed  on  293 
cells.  Transfection  was  not  dependent  upon  the  presence  of  lysosomotropic  agents  indicating  efficient  endosome 
escape  capability.  Excess  of  an  RGD-containing  peptide  derived  from  Ad7PB  was  able  to  inhibit  transfection 
indicating  specific  integrin-mediated  uptake  of  the  GST- Ad7PB -FK20-DNA  complexes.  We  propose  that  Ad7 
pentons  can  be  developed  into  integrin-specific  gene  deliveiy  agents. 

Keywords :  adenovirus;  penton  base;  expression;  integrin;  gene  delivery. 


The  initial  interaction  of  adenovirus  (Ad)  with  its  host  cell  is 
orchestrated  by  a  complex  of  two  oligomeric  viral  capsid 
proteins,  penton  base  (PB)  and  fiber,  which  together  constitute 
the  adenoviral  penton.  PB  protein,  present  at  each  of  the  12 
vertices  of  the  icosahedral  Ad  capsid,  associates  with  the 
N-terminal  tail  portion  of  the  fiber  [1,2]  while  the  C-terminal 
knob  of  the  fiber,  containing  the  cell-binding  domain,  projects 
away  from  the  capsid.  During  the  process  of  internalization,  the 
Ad  fiber  first  binds  to  a  46-kDa  transmembrane  protein  that 
functions  as  a  high- affinity  receptor  for  a  number  of  adenovirus 
subgroups  and  the  coxsackie  B  viruses  [3-5].  Ad  internalization 
then  proceeds  via  interaction  of  an  arginine-glycine-aspartate 
(RGD)  sequence  on  the  Ad  PB  protein  with  av  integrins  on  the 
cell  surface;  this  interaction  promotes  virus-receptor  endocytosis 
[6-13].  Human  adenoviruses,  probably  with  the  exception  of 
enteric  serotypes,  use  the  vitronectin  binding  integrins  avp3  and 
avp5  to  promote  virus  internalization  [6,8]. 

Penton  base  monomeric  polypeptide  chains  assemble  in  a 
fiber-independent  manner  into  —  300  kDa  homopentamers. 
Penton  bases  of  some  serotypes  can  also  form  higher  order 
structures,  called  dodecahedra,  by  a  combination  of  12 
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pentamers.  Penton  base  dodecahedra  are  macromolecular 
complexes  with  a  molecular  mass  of  ~  3600  kDa.  Both  penton 
bases  and  dodecahedra  have  been  shown  to  interact  with  cell- 
surface  integrins  via  RGD  motifs  [6,8,14,15],  which  suggests 
that  they  might  be  capable  of  mediating  internalization  in  the 
absence  of  fiber. 

Nonviral  gene  delivery  methods  based  on  the  native  Ad 
cellular  uptake  machinery  constitute  an  attractive  alternative 
strategy  to  Ad  vector-based  methods.  Ad  PB  does  not  influence 
cellular  DNA  or  protein  synthesis  when  added  to  cell  cultures 
[8]  and  may  therefore  minimize  both  the  immunogenicity  and 
toxicity  problems  associated  with  the  use  of  Ad  vectors 
[16-18].  The  development  of  an  integrin-specific  gene  delivery 
method  may  constitute  a  powerful  means  for  targeting  a  number 
of  vital  body  tissues  with  applications  in  molecular  medicine. 

Integrins,  a  superfamily  of  a/p  heterodimeric  cell  surface 
adhesion  receptors,  are  known  to  mediate  cell-cell  adhesion  and 
intracellular  signaling  events  that  regulate  cell  survival,  prolifer¬ 
ation,  and  migration  [19].  Endothelial  cells  exposed  to  growth 
factors,  or  those  undergoing  angiogenesis  in  tumors,  wounds,  or 
inflammatory  tissue,  express  high  levels  of  avp3  integrins 
[20,21].  Brooks  et  al  [22].  also  demonstrated  a  significant  role 
for  avp3  integrins  in  human  angiogenesis  and  breast  tumor 
growth.  For  most  integrins,  the  mechanism  of  ligand  recogni¬ 
tion  depends  on  one  of  two  short  peptide  motifs:  RGD  and 
leucine-aspartate-valine  (LDV)  [23,24],  both  of  which  are 
present  in  PBs  from  a  number  of  Ad  serotypes,  including 
members  of  the  subgroup  B  adenoviruses  (Ad3,  7  and  11). 

We  have  previously  demonstrated  that  dodecahedra  from 
Ad  serotype  3  can  be  used  for  gene  delivery  [15].  In  this 
strategy,  a  linker  peptide  containing  the  first  20  amino  acids  of 
Ad3  fiber  was  used  to  combine  the  cell-targeting  activity  of 
the  Ad3  dodecahedron  with  a  reporter  plasmid  construct  to 
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achieve  intracellular  delivery  and  expression  of  the  reporter 
gene.  The  ternary  dodecahedron-linker-DNA  complex  was 
demonstrated  to  enter  target  cells  bearing  integrin  receptors. 

Virus-cell  interaction  mediated  through  PB  is  known  to  vary 
by  serotype  [6,8,14,25].  Ad  PBs  show  a  high  degree  of  diversity 
in  the  amino-acid  sequence  flanking  the  functionally  relevant 
RGD  tripeptide  and  it  is  possible  that  relative  efficiencies  of 
adenovirus  PBs  in  mediating  internalization  may  be  a  function 
of  these  differences.  Ad  serotype  7,  another  member  of  sub¬ 
group  B  adenoviruses,  is  known  to  form  penton  dodecahedra 
[26].  We  therefore  set  out  to  sequence  the  PB  gene  from  Ad 
serotype  7.  Bacterial  expression  systems  have  previously  been 
used  for  the  expression  and  purification  of  PB  from  Ad  serotype 
2  and  12  [6,14].  However,  both  Ad2  PB  and  Ad  12  PB  were 
found  to  localize  in  E.  coli  as  insoluble  inclusion  bodies.  Our 
objective  in  pursuing  this  work  was  twofold:  (a)  to  devise  a 
simpler  expression  strategy  for  PB  that  yielded  soluble  protein 
and  preserved  the  structural  and  functional  integrity  of  the  PB; 
and  (b)  to  test  the  suitability  of  Ad7  penton  as  a  gene  transfer 
vehicle. 

We  describe  here  the  sequencing,  production  from  E.  coli 
and  the  structural  characterization  of  Ad7PB.  The  amino-acid 
composition  of  Ad7PB  revealed  strict  conservation  of  func¬ 
tionally  important  residues.  These  included  the  essential 
integrin  binding  sites  (RGD  and  LDV)  and  residues  involved 
in  pentamerization  and  stable  fiber-PB  binding.  Ad7PB  was 
expressed  as  a  fusion  with  Schistosoma  japonicum  glutathione 
S-transferase  (GST)  and  was  purified  in  a  soluble  form  from 
E.  coli .  The  fusion  protein  (GST-Ad7PB)  and  the  cleaved 
(GST-free)  Ad7PB  both  retained  their  ability  to  pentamerize  as 
shown  by  electron  microscopy.  Although  dodecahedra  were  not 
detected  in  the  preparation,  GST-Ad7  PB  proved  to  be  an 
effective  and  integrin-specific  cell  transfecting  agent. 

MATERIALS  AND  METHODS 

Sequencing  of  Ad7PB  gene 

DNA  coding  for  Ad7PB  was  amplified  by  PCR  using  total  Ad7 
viral  DNA  as  template.  PCR  primers  were  designed  on  the  basis 
of  homology  with  Ad3PB  and  had  the  following  sequence:  Ad31 
forward  primer:  AGCGGATCCAGTACGATGAGGAGACGA- 
GCCGTG;  Ad32  reverse  primer,  AGCAAGCTTTTAGAAA- 
GTGCGGCTTGAAAGAA.  The  Ad7PB  gene  was  cloned  into 
pFastBacl  (Life  Technologies,  Bethesda,  MD,  USA)  as  a 
BamHl-Hindlll  fragment  to  produce  pAd7PB-FastBacl.  The 
Ad7PB  gene  in  pAd7PB-FastBacl  was  subsequently  sequenced 
by  automated  procedures. 

Construction  of  expression  plasmid  pGST-Ad7PB 

The  Ad7PB  gene  was  amplified  by  PCR  from  pAd7PB- 
FastBacl  and  cloned  as  a  BamHl-EcoRl  fragment  in  pGEX3X 
(glutathione  S-transferase  Gene  Fusion  system,  Pharmacia). 
pGEX3X  contains  a  factor  Xa  cleavage  site  between  GST  and 
PB  to  release  GST  and  aid  purification  of  the  fusion  partner.  The 
primers  used  were:  7GX3UP  forward  primer:  CTATGCGG- 
GATCCCCATGAGGAGACGAGCCGTGCTA  and  7GX3DN 
reverse  primer:  TGCTGCGAATTCTTCTTAGAAAGTGCGG- 
CTTGAAAGAAC  which  incorporated,  respectively,  BamHl 
and  EcoRl  cloning  sites  into  the  Ad7PB  amplicon.  The  resulting 
construct,  called  pGST-Ad7PB,  contained  the  Ad7PB  open 
reading  frame  downstream  of  the  S.  japonicum  GST  gene. 
Expression  from  this  vector  is  driven  by  the  inducible  Ptac 
promoter. 


Expression  and  purification  of  recombinant  GST-Ad7PB 

The  expression  vector  pGST-Ad7PB  containing  the  GST- 
Ad7PB  expression  cassette  was  used  to  transform  E.  coli 
BL21  (XDE3).  Transformed  bacteria  were  grown  in  1  L  shake- 
flask  cultures  in  the  presence  of  100  pg-mL_1  ampicillin  to  a 
D6 oo  =  1.2-1. 5  and  induced  with  0.1  mM  (final)  isopropyl 
thio-P-D-galactoside.  The  GST-Ad7PB  fusion  protein  was 
purified  by  affinity  chromatography  on  glutathione  agarose 
(glutathione-Sepharose  4B,  Pharmacia),  according  to  the 
method  of  Rhim  et  al  [27].  Briefly,  induced  total  cell  pellets 
from  1  L  of  culture  were  resuspended  in  4  mL  EBC  buffer 
(50  mM  Tris/HCl  pH  8.0,  120  mM  NaCl,  0.5%  NP-40)  con¬ 
taining  5  mM  dithiothreitol.  Lysates  were  prepared  by  homo¬ 
genization  (Polytron  homogenizer,  Kinematica  GmbH)  in  the 
presence  of  2  mg*mL_1  lysozyme  (Sigma).  Lysates  were  clari¬ 
fied  by  centrifugation  at  12  000  g  (SS-34  rotor,  Sorvall)  and 
supernatants  were  loaded  on  a  200- pL  glutathione-Sepharose 
4B  column  prewashed  with  EBC  buffer.  The  column  was 
washed  with  EBC  buffer  containing  200  mM  NaCl  to  strip 
protein  bound  nonspecific  ally  to  the  column.  The  fusion  protein 
was  eluted  with  glutathione  elution  buffer  (10  mM  GSH  in 
50  mM  Tris/HCl  pH  8.0).  Two-hundred-microliter  fractions 
were  collected  and  analyzed  on  a  reducing  polyacrylamide 
gel.  Protein  concentrations  were  determined  by  the  Bio-Rad 
Protein  Assay  reagent,  and  peak  fractions  were  stored  at  4  °C 
for  further  analysis. 

Factor  Xa-mediated  cleavage  of  GST  tag 

The  pGEX3X  vector  provides  for  a  factor  Xa  cleavage  site  (He- 
Glu-Gly-Arg,  with  cleavage  occurring  after  Arg)  between  GST 
and  the  fusion  partner.  Approximately  3  pg  of  affinity  purified 
GST-Ad7PB  were  cleaved  at  room  temperature  for  various 
time-points  with  1  U  of  factor  Xa  (Sigma)  in  cleavage  buffer 
consisting  of  50  mM  Tris/HCl  (pH  7.5),  150  mM  NaCl  and 
1  mM  CaCl2.  The  cleavage  reaction  was  terminated  by  addition 
of  Laemmli  buffer  and  analyzed  on  a  10%  SDS/PAGE  gel. 

For  EM  analysis,  GST-Ad7PB  fusion  protein  was  subjected 
to  complete  cleavage  (verified  by  SDS/PAGE  analysis), 
followed  by  GST-agarose  separation  to  remove  uncleaved 
material.  Briefly,  10  pg  of  GST-Ad7PB  were  digested  with 
factor  Xa  as  described  above.  Digested  reaction  products  were 
loaded  onto  a  200-pL  glutathione-Sepharose  4B  column  pre- 
quilibrated  with  EBC  buffer.  The  eluate  was  collected.  The 
column  was  then  washed  with  EBC  buffer  to  elute  any  remaining 
cleaved  Ad7PB,  leaving  any  residual  uncleaved  GST-Ad7PB 
or  GST  adhering  to  the  column.  The  eluate  and  wash-off  frac¬ 
tions  were  then  pooled,  and  concentrated  with  a  Centricon-30 
(Amicon)  to  a  volume  of  100  pL.  The  concentrated  sample  was 
subjected  to  EM  analysis  and  to  N-terminal  sequencing  (see 
below). 

N-Terminal  sequencing  of  Ad7PB 

Factor  Xa  cleaved  (GST-free)  Ad7PB  were  blotted  on  to  a 
PVDF  membrane.  N-Terminal  peptide  sequencing  of  the  Ad7PB 
was  performed  by  automated  Edman  degradation  and  HPLC 
using  a  Model  476A  Protein  Sequencer  (Applied  Biosystems). 

Electron  microscopy  of  GST-Ad  7PB  and  Ad7PB 

GST-Ad7PB  and  factor  Xa-cleaved  GST-Ad7PB  were  dialyzed 
against  water.  Protein  at  a  concentration  of  about  0.1  mg-mL  1 
was  adsorbed  to  the  clean  face  of  carbon  on  mica  (the  carbon- 
mica  interface)  and  then  the  carbon  film  with  adsorbed  protein 
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was  floated  onto  a  solution  of  1%  sodium  silicotungstate.  A 
grid  was  placed  on  top  of  the  carbon  film  which  was  then 
picked  up  from  the  top  with  a  small  piece  of  newspaper  and  air- 
dried.  The  samples  were  photographed  in  a  JEOL  1200  EXII 
electron  microscope  at  100  kV  under  low-dose  conditions  at  a 
nominal  magnification  of  40  000  x. 

For  image  analysis,  two  negatives  of  each  sample  were 
selected  and  digitized  using  an  Optronics  microdensitometer 
with  a  pixel  size  of  25  |xm.  We  selected  1000  particles  of 
Ad7PB  and  600  particles  of  GST-Ad7PB  using  ximdisp  [28]. 
The  particles  were  cut  out  of  the  field  in  squares  of  64  x  64 
pixels  and  filtered  between  250  and  15  A.  All  particles  were 
centered  using  a  circular  object  with  the  same  diameter  as  the 
PB.  Using  the  multivariate  statistical  analysis  and  the  classifi¬ 
cation  method  implemented  in  spider  [29],  all  particles  were 
classified  into  different  subgroups  (‘class  averages’).  The 
Ad7PB  images  were  very  homogenous  and  80%  segregated 
into  pentameric  subgroups,  the  other  20%  being  side  views  or 
tilted  views.  The  GST-Ad7PB  group  of  images  was  much  more 
variable,  and  only  50%  of  the  particles  segregated  into 
pentameric  subgroups. 

Size  analysis  of  GST-Ad7PB 

To  estimate  the  size  of  GST-Ad7PB,  it  was  subjected  to 
electrophoresis  under  nondenaturing  and  nonreducing  condi¬ 
tions  on  a  8%  separating  gel  with  a  5%  stacking  gel.  A  number 
of  high  molecular  mass  proteins  (Pharmacia)  were  included  on 
the  gel  to  provide  size  references.  These  were  catalase 
(232  kDa),  ferritin  (440  kDa),  thyroglobulin  (660  kDa)  and 
blue  dextran  (2  mDa). 

DNA  retardation  by  GST-Ad7PB 

A  gel-shift  assay  was  performed  to  test  whether  GST-Ad7PB 
bound  a  bifunctional  linker  peptide  derived  from  the  adeno¬ 
virus  fiber  protein.  This  peptide,  designated  FK20 
[MTKRVRLSDSFNP V YP YEDEK(  1  -20)] ,  was  obtained  by 
solid-phase  synthesis,  purified  by  RP-HPLC  and  stored  dry  at 
—20  °C.  It  contains  the  first  N-terminal  20  amino  acids  of  Ad7 
fiber  followed  by  20  lysines.  It  binds  PB  protein  due  to  the 
NP V YP Y (12-17)  sequence  from  Ad  fiber  [1,30]  and  is  able  to 
attach  and  compact  DNA  through  the  C-terminal  polylysine 
domain.  In  addition,  it  contains  the  nuclear  localization  signal 
of  the  fiber  protein,  KRVR  [30,31]. 

Complexes  between  GST-Ad7PB  and  FK20  were  prepared 
by  incubating  GST-Ad7PB  with  FK20  at  room  temperature  for 
30  min.  At  the  end  of  this  time  period,  1  p,g  of  DNA  was  added 
to  allow  to  complex  via  the  C-terminal  polylysine  chain. 
Binding  of  plasmid  by  the  GST  -  Ad7PB  -FK20  complex  was 
examined  by  analysis  of  the  electrophoretic  mobility  of  the 
plasmid  DNA,  using  a  1%  Tris/acetate/EDTA/agarose  gel. 

Ad7PB-mediated  gene  transfer 

Adenovirus-susceptible  human  kidney  epithelial  cells  (293 
cells)  were  grown  in  DMEM  containing  10%  fetal  bovine 
serum.  Cells  were  maintained  at  37  °C  in  the  presence  of  5% 
C02.  GST-Ad7PB  protein  (5  and  10  corresponding  to  1 
and  2  |xg  of  recombinant  protein)  was  incubated  with  1  p,g  of 
FK20  peptide  for  30  min  at  room  temperature.  A  reporter  gene 
construct  (pCMV-luc)  containing  the  human  cytomegalovirus 
immediate-early  promoter  cloned  upstream  of  the  firefly 
luciferase  gene  in  plasmid  pXP2  [32]  was  then  added  to  the 
PB-FK20  linker  complex,  and  the  mixture  was  incubated  for 


30  min  at  room  temperature  (pCMV-luc  was  generated  using 
standard  recombinant  DNA  methods;  not  shown). 

Cells  were  plated  at  a  density  of  2  x  105  per  well  in  a  24 
well  plate,  washed  with  serum-free  medium  and  exposed  to 
100  jxm  chloroquine  for  1  h.  PB-DNA  complexes  were  then 
added  to  cells  in  triplicate  and  incubated  for  3  h  at  37  °C  in  the 
presence  of  5%  C02.  The  PB-DNA  complexes  were  removed 
at  the  end  of  3  h,  fresh  complete  medium  was  added,  and  the 
cells  were  incubated  for  an  additional  60  h.  At  the  end  of  this 
period,  cells  were  washed  with  1  x  NaCl/Pi  and  lysed  in 
100  \xL  reporter  lysis  buffer  (Promega).  Lysates  were  clarified 
by  centrifugation  at  5000  g  and  20  (jlL  of  the  clarified  super¬ 
natants  were  assayed  for  luciferase  activity  using  a  microplate 
luminometer  (LumiCount  Model  AL 10000,  Packard)  in  com¬ 
bination  with  the  Luciferase  Assay  System  (Promega).  The 
results  are  expressed  in  relative  light  units  (RLU)  per  micro¬ 
gram  of  cellular  protein,  as  estimated  using  the  Bio-Rad  Protein 
Assay  reagent. 

RESULTS 

Ad7PB  gene  sequence 

Due  to  our  interest  in  the  use  of  the  Ad3PB  protein  as  a  gene 
delivery  system  [15],  we  set  out  to  examine  whether  the  PB 
protein  from  a  second,  related  strain  of  adenovirus  might  also 
have  potential  as  a  gene  transfer  vector.  We  therefore  sequenced 
the  gene  coding  for  Ad7PB,  because  Ad7  is  known  to  be 
closely  related  to  Ad3,  and  also  because  Ad7  has  previously 
been  reported  to  have  the  ability  to  form  dodecahedra,  in  a 
manner  similar  to  Ad3  [26]. 

PCR  amplification  of  the  Ad7PB  gene  from  Ad  serotype  7 
genomic  DNA  yielded  a  product  of  1632  bp  in  length.  The  544- 
amino-acid  sequence  of  the  Ad7PB  gene  was  deduced  from  the 
nucleotide  sequence  and  aligned  with  Ad2  and  Ad3  PBs;  Ad7 
and  Ad3  PB  showed  99%  identity  at  the  amino-acid  level 
(Genbank  accession  nos  AAF37000and  S41389,  respectively), 
while  Ad7  and  Ad2  PB  (Genbank  accession  P03276)  were 
more  divergent  (77%  predicted  amino-acid  identity).  Both 
integrin-binding  motifs,  RGD  (amino  acids  329-331)  and  LDV 
(amino  acids  296-298)  were  found  to  be  conserved  in  Ad7PB. 
Also  conserved  was  the  RLSNLLG  sequence  (amino  acids 
263-269),  identified  as  a  putative  fiber-binding  domain  on 
Ad2PB  [1,33].  Sequences  in  Ad7PB  flanking  the  RGD  domain, 
a  region  known  to  exhibit  considerable  variation  among  Ad 
serotypes  [34],  were  found  to  be  almost  identical  to  those  found 
in  Ad3PB  (except  for  an  asparagine  residue  at  position  326  in 
Ad7PB  vs.  an  aspartate  at  the  corresponding  location  in  Ad3 
PB);  in  contrast,  this  region  of  Ad7PB  is  quite  divergent  from 
its  counterpart  in  Ad2  (as  previously  noted  by  Karayan  et  al 
[34]). 

Expression  of  Ad7PB  in  E.  coli  and  purification  by  affinity 
chromatography 

In  order  to  further  study  the  Ad7PB  protein,  we  decided  to 
express  the  molecule  as  a  GST  fusion  protein  in  E.  coli.  We 
selected  this  expression  system  because  it  offers  several  advan¬ 
tages,  including  ease-of-use  and  detection,  single-step  purifica¬ 
tion  and  removal  of  the  fusion  partner  (GST)  using  appropriate 
protease  cleavage  (e.g.,  factor  Xa).  In  addition,  the  GST  leader 
is  believed  to  assist  the  fusion  partner  in  folding  and  in  its 
expression  in  the  soluble  form. 

GST-Ad7PB  was  expressed  in  E.  coli  in  amounts  up  to 
5  mg-L”1  of  culture.  The  fusion  protein  was  soluble  and  was 
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Fig.  1.  Purification  of  GST-Ad7PB.  (A)  Factor  Xa-mediated  cleavage  of 
GST-Ad7PB.  GST-Ad7PB  was  incubated  at  room  temperature  with  1  U 
of  factor  Xa  in  1  x  cleavage  buffer.  Two-microgram  equivalents  of  the 
protein  were  removed  at  various  time-points  and  analyzed  by  electro¬ 
phoresis  on  a  4-15%  SDS-polyacrylamide  gel  (Bio-Rad).  The  gel  was  then 
stained  with  Coomassie  brilliant  blue.  Uncleaved  starting  material  (intact 
GST-Ad7PB,  =90  kDa)  is  shown  in  lane  1,  while  cleaved  Ad7PB 
(=  65  kDa)  can  be  seen  in  the  other  lanes  (lanes  2-5  represent  30,  45,  60 
and  120  minute  digestion  with  factor  Xa).  In  all  lanes,  the  presence  of  free 
GST  protein  (=  26  kDa)  can  observed;  this  is  particularly  pronounced  after 
factor  Xa  cleavage.  Numbers  on  the  left  represent  molecular  mass  markers 
(figures  in  kDa).  (B)  Detection  of  GST-Ad7PB  with  an  anti-Ad  3  PB  Ig. 
Purified,  full-length  (not  factor  Xa-cleaved)  recombinant  GST-Ad7PB 
protein  (2  p,g)  was  electrophoresed  on  a  4-15%  SDS-polyacrylamide  gel 
(Bio-Rad),  and  an  immunoblot  was  performed  using  a  polyclonal  rabbit 
antiserum  directed  against  the  adenovirus  type  3  PB  protein  (this  antiserum 
was  generated  in  the  Chroboczek  lab.,  and  used  at  a  1  :  100  000  dilution). 
Bound  antibody  was  visualized  using  the  ECL™  system  (Amersham 
Pharmacia);  numbers  on  the  left  represent  molecular  mass  markers  (figures 
in  kDa). 

purified  from  clarified  bacterial  lysates  by  single-step  affinity 
chromatography  on  a  glutathione-Sepharose  4B  column.  A 
90-kDa  band  corresponding  to  the  combined  molecular  masses 
of  GST  (26  kDa)  and  Ad7PB  (64  kDa)  was  detected  on  a 
4-15%  SDS/PAGE  (Fig.  1A,  lane  1).  This  protein  reacted  with 
a  polyclonal  antiserum  raised  against  the  Ad3PB  protein 
(Fig.  IB)  and  with  an  anti-GST  Ig  (data  not  shown),  indicating 
that  an  authentic  GST-Ad7PB  protein  was  produced  (note  that 
Ad3PB  is  99%  identical  to  Ad7PB  at  the  amino-acid  level;  thus 
a  polyclonal  antibody  directed  against  Ad3PB  can  be  expected 
to  also  recognize  Ad7PB). 

The  GST-Ad7PB  fusion  protein  could  be  cleaved  with 
factor  Xa  to  release  the  PB  from  the  fusion  protein.  Factor  Xa 
mediated  cleavage  of  GST-Ad7PB  at  the  Ile-Glu-Gly-Arg 
recognition  site  between  GST  and  the  beginning  of  Ad7PB 
yielded  a  protein  of  64  kDa,  corresponding  to  the  expected 
molecular  mass  of  the  Ad7PB  (Fig.  1  A,  lanes  2-5).  N-Terminal 
peptide  sequencing  of  the  purified,  factor  Xa-cleaved  Ad7PB 
protein  confirmed  that  the  purified  protein  did  indeed 
correspond  to  Ad7PB  (data  not  shown),  and  it  also  revealed 
the  presence  of  copurified  60-kDa  GroEL  chaperone  protein 


within  the  protein  preparation  (this  is  presumably  present  at  low 
levels;  Fig.  1A).  However,  total  cleavage  of  the  fusion  protein 
could  not  be  obtained  within  the  2-h  reaction  (see  Fig.  1A). 
Thus,  more  complete  digestion  was  required  for  studies  in 
which  GST-free  Ad7PB  was  used  (i.e.  electron  microscopy 
experiments;  see  below). 

Structural  characterization  of  Ad7PB  proteins 

Analysis  of  GST-Ad7PB  by  nondenaturing  SDS/PAGE  revealed 
that  the  recombinant  protein  migrated  considerably  more 
slowly  than  would  have  been  expected  for  a  GST— Ad7PB 
protein  monomer  (data  not  shown).  This  suggested  that  the 
recombinant  GST-Ad7PB  protein  might  have  become  organ¬ 
ized  into  a  pentameric  configuration.  Glutaraldehyde  cross- 
linking  and  analysis  by  denaturing  SDS/PAGE  confirmed  this 
possibility  (data  not  shown),  and  we  therefore  undertook  an  EM 
analysis  of  both  the  recombinant  GST-Ad7PB  protein  and  also 
of  the  cleaved,  GST-free  Ad7PB  protein. 

Ad7PB  and  GST-Ad7PB  were  prepared  for  electron  micro¬ 
scopy  by  negative  staining.  For  EM  analysis,  GST-Ad7PB 
fusion  was  subjected  to  complete  cleavage  (verified  by  SDS/ 
PAGE  analysis),  followed  by  GST-Sepharose  separation  to 
remove  uncleaved  material  (see  Materials  and  methods). 
Figure  2  shows  pictures  of  fields  of  the  two  samples  as  well 
as  selected  untreated  and  averaged  images  in  a  gallery.  The 
Ad7PB  sample  (Fig.  2 A)  contained  homogeneous  particles  that 
could  easily  be  classified  in  class  averages  that  showed  fivefold 
symmetry  (e.g.  Fig.  2A,  bottom  right)  clearly  showing  the  five 
subunits  in  the  PB.  This  pentamer  has  a  width  of  100  A  the 
same  as  the  width  of  the  Ad3  PB  [15].  The  GST-Ad7PB 
sample  was  much  less  homogeneous  because,  although  the  PB 
part  of  the  molecule  was  always  the  same  and  identical  to  the 
PB  part  in  Ad7PB  alone,  the  GST  subunits  seem  to  be  rather 
flexibly  linked  to  the  PB,  leading  to  a  rather  high  number  of 
class  averages.  Figure  2B  shows  a  field  of  the  sample  and  a 
gallery,  together  with  a  selected  untreated  image  at  the  top  and 
the  class  average  it  belongs  to  at  the  bottom.  Because  of  the 
flexible  PB-GST  linkage,  the  class  averages  only  clearly  show 
two  attached  GST  molecules  at  one  time.  The  other  three  GST 
molecules  are  either  not  well  embedded  in  the  stain  or  not 
always  located  at  exactly  the  same  position  compared  to  the 
other  GST  subunits,  leading  to  loss  of  the  signal  in  the  average. 
From  the  class  averages  it  can  also  be  seen  that  the  actual 
diameter  of  the  GST-Ad7PB  molecule  is  much  higher  than  that 
of  the  PB  alone  and  also  much  higher  than  the  diameter  of  a 
globular  complex  with  a  corresponding  mass.  Neither  the 
cleaved  nor  the  uncleaved  GST-Ad7PB  formed  dodecamers,  as 
did  the  baculovirus  produced  Ad3PB  [15].  However,  the  forma¬ 
tion  of  pentamers  by  both  Ad7PB  and  GST-Ad7PB  indicates 
that  pentamer  formation  by  the  E.  coli- derived  recombinant 
proteins  is  dependent  upon  the  interaction  of  the  PBs  (i.e. 
pentamer  formation  is  not  dependent  upon  the  presence  of 
GST). 

DNA  retardation  by  GST-Ad7PB 

GST-Ad7PB  was  effective  in  retarding  the  electrophoretic 
mobility  of  plasmid  DNA,  in  the  presence  of  the  FK20  linker 
peptide,  in  a  dose-dependent  manner  (Fig.  3).  In  the  absence  of 
the  FK20  linker  peptide,  GST-Ad7PB  alone  failed  to  retard 
plasmid  DNA  (lanes  2-4).  The  migration  pattern  of  pCMV-luc 
in  these  lanes  was  similar  to  the  untreated  plasmid  in  lane  1, 
which  shows  the  mobility  of  free,  supercoiled  plasmid  DNA. 
The  binding  and  consequent  retardation  of  pCMV-luc  by  the 
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Fig.  2.  Electron  micrographs  of  negatively 
stained  GST-Ad7PB  and  factor  Xa  cleaved 
Ad7PB.  (A)  Shows  a  field  of  factor  Xa  cleaved 
Ad7PB  at  the  top  and  seven  selected  images  of 
individual  molecules.  At  the  bottom  right  is  a 
class  average  of  15  averaged  raw  images  (see 
Materials  and  methods).  (B)  Shows  a  field  of 
untreated  GST-Ad7PB  and  four  class  averages 
calculated  by  summing  15  raw  images.  For  each 
class  average  in  the  lower  panel  one  of  the  raw 
images  used  to  calculate  the  average  is  shown  in 
the  upper  panel.  The  bar  represents  40  nm 
(equals  400  A). 


GST-Ad7PB-FK20  complex  is  evident  in  lanes  5,  6  and  7 
which  contain  increasing  amounts  (1,2  and  4  pig,  respectively) 
of  GST-Ad7PB  with  a  fixed  amount  of  FK20  peptide.  Plasmid 
DNA  binding  was  dependent  on  Ad7PB  and  not  on  the  GST 
moiety,  as  the  mobility  of  plasmid  DNA  was  unaltered  in  the 
presence  of  FK20  peptide  plus  GST  alone  (lanes  8,  9  and  10 
which  contain  1,  2  and  4  pig  of  GST,  respectively). 

GST-Ad7PB-mediated  transfection 

The  ability  of  the  GST-Ad7PB  fusion  protein  to  mediate  gene 
transfer  into  cultured  human  cells  was  assessed  by  adding  a 
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Fig.  3.  GST-Ad7PB-mediated  DNA  retardation  via  FK20  linker. 
GST-Ad7PB  or  GST  alone,  was  incubated  with  a  luciferase  reporter 
plasmid  (pCMV-luc),  in  the  presence  and  absence  of  0.5  p,g  of  the  FK20 
linker  peptide.  DNA-protein  complexes  were  analysed  by  electrophoresis 
on  a  1%  agarose  gel  in  1  x  Tris/acetate/EDTA.  DNA  was  visualized  using 
ethidium  bromide  and  a  photograph  of  the  resulting  gel  is  shown.  Lane  1 : 
untreated  DNA  incubated  in  buffer  (this  shows  the  mobility  of  free, 
supercoiled  plasmid  DNA;  see  arrow).  Lanes  2,  3  and  4  contain  plasmid 
DNA  that  was  preincubated  with  1, 2  and  4  |xg  of  GST-Ad7PB  (no  FK20), 
while  lanes  5,  6  and  7  contain  DNA  plus  FK20  plus  increasing  amounts  of 
GST-Ad7PB  (1, 2  or  4  jig,  respectively).  Finally,  lanes  8, 9  and  10  contain 
plasmid  DNA  plus  GST  (1,  2  or  4  pig,  respectively)  plus  FK20. 


complex  of  GST-Ad7PB  plus  FK20  preincubated  with  the 
luciferase  reporter  plasmid  DNA  (GST-Ad7PB-FK20-DNA) 
to  293  cells.  Expression  of  luciferase  was  observed  in  293  cells 
transfected  with  the  GST  -  Ad7PB  -FK20-DNA  complex,  either 
in  the  presence  or  absence  of  chloroquine  (Fig.  4,  lanes  4  and  5). 
Gene  transfer  by  the  GST  -  Ad7PB  -FK20-DNA  complex  was 
somewhat  less  efficient  in  the  presence  of  chloroquine  (lane  5) 
than  in  its  absence  (lane  4).  This  may  be  due,  in  part,  to 


GSTAd7PB  +  + 

chloro  +  -  + 

Fig.  4.  GST-Ad7PB-mediated  transfection  of  293  cells.  293  cells  were 
incubated  with  pCMV-luc  and  luciferase  expression  was  measured  in  cell 
lysates  collected  60  h  after  transfection.  Lane  1 ,  pCMV-luc  added  in  the 
absence  of  GST-Ad7PB  (control).  Lanes  2  and  3,  pCMV-luc  and  FK20 
linker  peptide  added,  in  the  absence  (lane  2)  or  presence  (lane  3)  of 
chloroquine.  Lanes  4  and  5,  pCMV-luc  plus  FK20  plus  GST-Ad7PB 
protein  added,  in  the  absence  (lane  4)  or  presence  (lane  5)  of  chloroquine. 
Luciferase  activity  is  expressed  in  terms  of  relative  light  units  (RLU)  per 
mg  of  total  protein  in  the  cell  lysates.  Bars  represent  the  standard  error  of 
mean  values.  The  experiment  was  performed  in  triplicate  and  the  results 
shown  are  representative  of  three  experiments  which  yielded  similar  data. 
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Fig.  5.  Inhibition  of  GST-Ad7PB-mediated  transfection  of  293  cells 
by  an  RGD-containing  peptide.  293  cells  were  incubated  with  pCMV-luc 
and  luciferase  expression  was  measured  in  cell  lysates  collected  60  h  later. 
Lane  1,  cells  treated  with  pCMV-luc  in  the  absence  of  GST-Ad7PB 
(control).  Lane  2,  Cells  exposed  to  a  complex  of  pCMV-luc  and  FK20 
linker  only.  Lanes  3-5,  Cells  exposed  to  a  complex  of  pCMV-luc  and  FK20 
linker  plus  GST-Ad7PB  protein,  in  the  absence  (lane  3)  or  presence  (lanes 
4  and  5)  of  an  RGD-containing  peptide  (NITRGDTYI;  added  at  10  or 
100  pg  to  lanes  4  and  5,  respectively).  Luciferase  activity  is  expressed  in 
terms  of  relative  light  units  (RLU)  per  mg  of  total  protein  in  the  cell  lysates. 
Bars  represent  the  standard  error  of  mean  values.  The  experiment  was 
performed  in  triplicate  and  the  results  shown  are  representative  of  three 
experiments  which  yielded  similar  data. 


possible  toxic  effects  of  chloroquine  under  the  conditions  used. 
In  any  event,  a  much  lower  level  of  luciferase  activity  was 
detectable  in  cells  transfected  with  complexes  containing  FK20 
peptide  plus  DNA  (i.e.  complexes  lacking  the  GST-Ad7PB 
protein).  This  is  consistent  with  our  previous  finding  that  an 
analogous  peptide  derived  from  the  adenovirus  type  2  fiber 
protein  can  mediate  DNA  transfer  into  some  human  cell  types 
[35]. 

While  Ad7-derived  FK20  peptide  could  mediate  a  low  level 
of  DNA  uptake  into  293  cells,  perhaps  due  to  the  presence  of  a 
tyrosine-based  motif  (NPXY)  that  may  function  as  an  internaliz¬ 
ation  signal  involved  in  receptor-mediated  endocytosis  [36-38], 
DNA  delivery  was  much  more  efficient  when  the  GST-Ad7PB 
protein  was  added  to  the  transfection  complex,  and  transfection 
also  occurred  in  the  absence  of  chloroquine  (Fig.  4). 

To  investigate  the  specificity  of  DNA  transfection  by  the 
GST  -  Ad7PB  -FK20-DNA  complex,  cells  were  preincubated 
in  the  presence  of  an  excess  of  an  RGD-containing  peptide 
derived  from  the  Ad7PB  (NITRGDTYI)  prior  to  the  addition 
of  the  GST-Ad7PB-FK20-DNA  complex.  This  resulted  in  a 
strong  dose-dependent  inhibition  of  luciferase  expression  in 
the  transfected  cells  (Fig.  5,  lanes  3-5),  suggesting  that  the 
GST-Ad7PB  protein  facilitates  DNA  uptake  via  an  integrin- 
dependent  pathway. 

DISCUSSION 

The  adenovirus  PB  may  be  an  ideal  molecule  to  exploit  as  a 
gene  transport  vehicle,  because  it  is  able  to  interact  in  a 


selective  manner  with  cell- surface  integrins  to  effect  inter¬ 
nalization.  We  sequenced  the  full-length  gene  coding  for 
Ad7PB  protein  and  found  it  to  be  99%  identical  to  the  Ad3PB 
at  the  amino-acid  level.  Ad7PB  was  also  found  to  retain  the 
integrin-binding  peptide  motifs  present  in  PB  proteins  from 
several  other  adenovirus  serotypes  (RGD  and  LDV),  as  well  as 
residues  involved  in  penton-fiber  binding  and  pentamerization 
factors  that  were  critical  for  DNA  delivery. 

Expression  of  Ad7PB  as  a  C-terminal  fusion  with  S.  japo- 
nicum  GST  in  E.  coli  BL21  cells  yielded  soluble  protein  that 
could  be  purified  from  bacterial  lysates  by  a  single-step  affinity 
chromatography.  To  our  knowledge,  this  is  the  first  report  of 
the  production  of  stable  adenoviral  pentons  from  E.  coli.  Bai 
et  al  [6,14].  have  reported  bacterial  expression  of  Ad2PB  and 
Adl2PB.  In  both  cases,  the  PB  was  found  to  localize  in  E.  coli 
as  insoluble  inclusion  bodies.  Our  method  represents  an  improve¬ 
ment  over  the  method  reported  by  Bai  and  coworkers,  both  in 
the  soluble  nature  of  expression  and  also  in  terms  of  ease  of 
down-stream  processing. 

Structural  characterization  of  Ad7PB  by  negative  stain  electron 
microscopy  revealed  that  the  E.  coli- derived  protein  was 
pentameric,  like  the  native  form  of  this  protein.  Although  the 
PBs  formed  from  cleaved,  GST-free,  Ad7PB  were  more 
symmetrical,  the  GST-tagged  protein  retained  the  inherent 
spontaneous  capability  of  forming  pentamers.  The  fact  that  a 
26-kDa  addition  (GST)  at  the  N-terminus  of  PB  did  not  inhibit 
pentamer  formation  indicates  that  signals  for  pentamerization 
may  be  located  distal  to  the  PB  N-terminus.  Indeed,  most  of 
the  residues  implicated  so  far  in  pentamerization  are  present  at 
the  C-terminus  of  PB  (Y553  and  K556)  or  are  located  far 
from  the  N-terminus  (W119)  [33].  In  addition,  the  ability  of 
GST-Ad7PB  to  bind  a  fiber-like  peptide  (FK20),  as  reflected 
by  the  results  of  our  DNA  retardation  experiments  (Fig.  3), 
suggests  that  the  presence  of  the  GST  moiety  does  not  interfere 
with  fiber-binding  of  Ad7PB.  Thus,  the  conformation  of  the 
GST-Ad7PB  fusion  protein  appears  to  be  biochemically 
indistinguishable  from  that  of  its  native  (unfused)  counterpart. 

N-Terminal  sequencing  of  GST-Ad7PB  also  revealed  an 
association  of  the  60-kDa  chaperonin  GroEL  with  GST- 
Ad7PB.  E.  coli  GroEL  is  known  to  bind  a  number  of  proteins 
expressed  as  GST  fusions  in  bacteria  [5,39]  and  to  aid  the 
formation  of  native  structures.  Battistoni  et  al  [39].  have 
demonstrated  that  E.  coli  chaperonins  are  able  to  interact  with 
nascent  GST.  It  is  possible  that  GroEL  plays  an  analogous  role 
in  the  folding  of  GST-Ad7PB  and  assists  in  the  formation  of 
pentamers. 

Gene  transfer  efficiency  by  the  GST-Ad7PB-FK20-DNA 
complex  was  found  to  exhibit  significant  variation  in  different 
experiments.  For  example,  the  efficiency  of  gene  expression  in 
Fig.  4,  lane  4  is  roughly  threefold  greater  than  that  in  Fig.  5, 
lane  3,  even  though  the  cells  in  these  experiments  were  exposed 
to  the  same  reagent  (GST-Ad7PB  +  FK20  +  pCMV-luc),  in 
the  absence  of  chloroquine.  We  attribute  this  variation  to  the 
fact  that  the  large  macromolecular  complex  represented  by 
GST-Ad7PB-FK20-DNA  is  held  together  by  at  least  two 
separate  interactions:  a  protein-peptide  interaction  between 
GST-Ad7PB  and  FK20,  and  an  electrostatic  interaction 
between  FK20  and  DNA.  The  latter  interaction  is  likely  to  be 
particularly  susceptible  to  slight  differences  in  storage  condi¬ 
tions  and  ionic  strength  of  any  buffers  used.  Slight  fluctuations 
in  pH  may  also  alter  the  strength  of  the  various  interactions 
which  hold  the  GST- Ad7PB  -FK20-DNA  complex  together. 

Nonetheless,  GST-Ad7PB  was  found  to  transfect  293  cells 
in  an  integrin-dependent  fashion  (as  expected).  Furthermore, 
GST-Ad7PB-mediated  gene  transfer  was  not  improved  by  the 
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presence  of  chloroquine  (indeed,  it  was  enhanced  in  the  absence 
of  the  drug;  Fig.  4,  lanes  4  and  5).  This  suggests  that  GST- 
Ad7PB-mediated  gene  transfer  occurs  either  by  a  lysosome- 
independent  pathway,  as  described  for  fibroblast  growth  factor 
and  HIV-1  Vpr  [40,41],  or  as  a  consequence  of  PB-mediated 
endosome  escape  in  293  cells  [42]. 

In  previous  experiments  using  recombinant  Ad3PB  dodeca- 
hedra  prepared  from  insect  cell  lysates,  we  obtained  levels  of 
reporter  gene  expression  in  transfected  293  cells  that  were 
approximately  1000-fold  higher  than  the  levels  reported  here, 
using  the  E.  coli- derived  GST-Ad7PB  fusion  protein  [15]. 
Similarly,  the  level  of  transfection  obtained  with  commercial 
transfection  reagents  such  as  lipofectamine  or  DOTAP  was 
10-20  times  higher  than  the  level  reported  here. 

The  difference  in  transfection  efficiency  between  the  Ad3PB 
dodecahedra  and  the  recombinant  GST-Ad7PB  protein  pre¬ 
parations  used  here  cannot  be  attributed  simply  to  the  presence 
of  the  GST  moiety,  as  factor  Xa-cleaved  GST-free  Ad7PB 
protein  mediated  a  similar  level  of  DNA  transfer  to  that 
obtained  with  the  GST-Ad7PB  fusion  (data  not  shown).  Thus, 
the  differences  between  our  current  findings  and  those  reported 
with  the  insect  cell-derived  Ad3  base  dodecahedra  preparations 
may  be  due  to  inherent  differences  in  structural  features  of  the 
pentameric  PB  vs.  dodecahedra.  GST-Ad7PB  assumes  a  penta- 
meric  configuration  that  possesses  a  total  of  five  RGD  motifs 
(integrin-binding  domains)  and  five  binding  sites  for  the  FK20 
linker  peptide.  This  may  explain  why  base  dodecahedra  (60 
RGD  motifs  and  60  binding  sites  for  the  FK20  peptide)  are 
more  efficient  gene  delivery  systems  than  PB  [15].  We  are 
currently  devising  strategies  to  modify  E.  co//-expressed  PB  in 
such  a  manner  as  to  facilitate  the  formation  of  dodecahedra. 

Overall,  the  results  reported  here  establish  the  potential 
utility  of  E.  coli-dt rived  Ad7PB  as  a  gene  delivery  agent. 
Further  experiments,  including  mutagenesis  of  the  residues 
flanking  the  RGD  motif,  will  be  required  in  order  to  optimize 
this  technology,  and  to  exploit  its  potential  for  integrin- 
mediated  gene  delivery  to  specific  target  cell  populations  [43], 
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Fibronectin  is  an  extracellular  matrix  protein  with  broad  binding 
specificity  to  cell  surface  receptors,  integrins.  The  tenth  fibronectin  type 
m  domain  (FNfnlO)  is  a  small,  autonomous  domain  of  fibronectin  con¬ 
taining  the  RGE  sequence  that  is  directly  involved  in  integrin  binding. 
However,  in  isolation  FNfnlO  only  weakly  bind  to  integrins.  We  reasoned 
that  high-affinity  and  high-specificity  variants  of  FNfnlO  to  a  particular 
integrin  could  be  engineered  by  optimizing  residues  surrounding  the 
integrin-binding  RGD  sequence  in  the  flexible  FG  loop.  Affinity 
maturation  of  FNfnlO  to  avj33  integrin,  an  integrin  up-regulated  in  angio¬ 
genic  endothelial  cells  and  in  some  metastatic  tumor  cells,  yielded  avp3- 
binding  FNfnlO  mutants  with  a  novel  RGDWXE  consensus  sequence.  We 
characterized  one  of  the  RGDWXE-modified  clones,  FNfnlO-3JCLI4,  as 
purified  protein.  FNfnlO-3JCLI4  binds  with  high  affinity  and  specificity 
to  purified  avp3  integrin.  Alanine  scanning  mutagenesis  suggested  that 
both  the  tryptophan  and  glutamic  acid  residues  following  the  RGD 
sequence  are  required  for  maximal  affinity  and  specificity  for  avp3. 
FNfnlO-3JCLI4  specifically  stained  avp3-positive  cells  as  detected  with 
flow  cytometry  and  it  inhibited  avp3-dependent  cell  adhesion.  As  with 
the  anti-avp3  antibody  LM609,  FNfnlO-3JCLI4  can  interfere  with  in  vitro 
capillary  formation.  Taken  together,  these  data  show  that  FNfnl0-3JCL14 
is  a  specific,  high-affinity  avp3-binding  protein  that  can  inhibit  av(33- 
dependent  cellular  processes  similar  to  an  anti-avp3  monoclonal 
antibody.  These  properties,  combined  with  the  small,  monomeric, 
cysteine-free  and  highly  stable  structure  of  FNfnlO-3JCLI4,  may  make 
this  protein  useful  in  future  applications  involving  detection  and  targeting 
of  avp3-positive  cells. 

©  2003  Elsevier  Science  Ltd.  All  rights  reserved 
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Introduction 

Phage  display  technology,  in  which  combina¬ 
torial  peptide  libraries  are  expressed  on  the  surface 
of  bacteriophage,  has  been  used  to  select  for  pep¬ 
tide  ligands  for  a  wide  variety  of  substrates.  An 
important  variant  of  traditional  phage  display  is 
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the  expression  of  polypeptide  scaffolds  on  the  sur¬ 
face  of  the  phage  that  display  random  peptides  in 
structurally  defined  exposed  loops.  Most  of  these 
scaffolds  are  composed  mainly  of  beta  sheets, 
although  randomization  of  the  exposed  surfaces  of 
alpha-helices  (zinc  fingers,  staphylococcal  protein 
A)  have  also  been  reported.  Scaffolds  self-fold  into 
appropriate  three-dimensional  conformations  on 
the  phage  surface.  Unlike  peptides  displayed  on 
pin  or  pVffl,  affinity  and  conformation  of  the 
modified  scaffolds  generally  are  maintained  when 
expressed  in  the  absence  of  the  phage  particle.1 
Scaffolds  improve  on  traditional  peptide  phage 
display  because  the  scaffold  protein  can  be 


0022-2836/03/$  -  see  front  matter  ©  2003  Elsevier  Science  Ltd.  All  rights  reserved 


1476 


Engineered  Fibronectin  Type  III  Domain  with  Enhanced  Binding  to  avft3 


expressed  independently  for  stable,  high-affinity 
binding  to  the  target  ligand,  whereas  peptide 
ligands  typically  tend  to  bind  with  lower  affinities. 
It  should  be  noted,  however,  that  the  measured 
binding  affinities  of  peptide  ligands  for  their  target 
proteins  can  vary  considerably,  with  some  peptides 
having  measured  affinities  in  the  low  nanomolar 
range,  and  many  others  having  affinities  in  the 
medium  to  high  micromolar  range.2-4  Scaffold 
proteins  selected  for  binding  to  a  variety  of  target 
proteins  have  been  previously  identified  with 
affinities  (Kd)  that  also  vary  across  a  similar  con¬ 
centration  range.  In  contrast,  monoclonal  anti¬ 
bodies  generally  bind  with  affinities  in  the 
picomolar  to  low  nanomolar  range  and  exhibit 
demonstrably  strong  preference  for  their  target 
over  other  related  molecules.  The  tenth  fibronectin 
type  III  domain  (FNfnlO)  contains  the  RGD 
integrin-binding  sequence  in  the  highly  flexible 
loop  connecting  the  F  and  G  p-strands  (FG 
loop).5,6  FNfnlO  was  developed  as  a  scaffold  for 
phage  display  of  peptides  because  of  its  small  size 
(94  residues),  monomeric  assembly,  and  ability  to 
retain  its  global  fold  while  exposed  loops  were 
randomized.7  In  addition,  FNfnlO  lacks  cysteine 
residues  and  requires  no  post-translational  modi¬ 
fication,  allowing  for  large-scale  bacterial 
expression.  We  reasoned  that  since  fibronectin 
binds  avp3  integrin  in  vivo  through  its  RGD 
sequence,  modification  of  amino  acid  residues  sur¬ 
rounding  the  RGD  sequence  in  the  FG  loop  might 
result  in  a  modified  FNfnlO  with  higher  affinity 
and/or  specificity  for  avp3. 

avp3  (CD51/CD61)  is  a  member  of  the  integrin 
family  of  cell  surface  adhesion  receptors.  Over  20 
different  ap  integrin  heterodimers  exist,  each 
with  different  tissue  and  ligand  specificities. 
Normal  tissue  distribution  of  avp3  is  generally 
limited  to  high  levels  of  expression  on  osteoclasts, 
but  is  also  observed  on  platelets,  megakaryocytes, 
kidney,  vascular  smooth  muscle,  placenta, 
dendritic  cells,8  and  in  varying  amounts  on  normal 
endothelium.9  Divalent  cations  are  required  for 
integrin  ligand  binding;  in  many  cases,  calcium 
alone  is  not  sufficient  to  promote  adhesion.  avp3 
integrin  is  a  multifunctional  cell  surface  receptor 
that  has  pleiotropic  roles  in  normal  cell  growth 
and  survival,  and  which  can  contribute  to  onco¬ 
genesis.  Consistent  with  this,  upregulation  of 
avp3  expression  has  been  observed  on  the  endo¬ 
thelial  cells  of  angiogenic  vessels,  and  binding  of 
avp3  to  the  basement  membrane  is  a  critical  step 
in  the  angiogenesis  induced  by  basic  fibroblast 
growth  factor  and  tumor  necrosis  factor  alpha.10 
Expression  of  avp3  has  also  been  implicated  in 
tumor  invasion,  and  it  has  been  shown  that  avp3 
binds  matrix  metalloproteinase-2  (MMP-2)  and 
presents  MMP-2  on  the  surface  of  invasive  car¬ 
cinomas  and  on  invasive  angiogenic  endothelial 
cells.11,12  avp3  also  regulates  cell  growth  and  sur¬ 
vival,  since  ligation  of  this  receptor  can,  under 
some  circumstances,  induce  apoptosis  in  tumor 
cells.13  Furthermore,  disruption  of  cell  adhesion 


with  anti-avp3  antibodies,  RGD  peptides,  and 
other  integrin  antagonists  has  been  shown  to  slow 
tumor  growth.14-16  Finally,  the  selective  upregula¬ 
tion  of  avp3  expression  on  tumor  blood  vessels  is 
also  being  explored  as  the  basis  for  imaging  of  neo¬ 
plastic  lesions,  and  the  avp3-specific  antibody 
LM609  has  been  successfully  used  for  this  purpose 
in  vivo.17  Molecules  capable  of  binding  with  high 
specificity  to  avp3  integrin  have  potential  utility 
in  several  applications;  as  a  consequence,  avp3 
has  been  a  frequent  target  for  drug  discovery  and 
selection  of  new  binding  ligands. 

In  contrast  to  a5pl,  which  binds  to  only  fibro¬ 
nectin,  avp3  binds  to  a  wide  range  of  RGD- 
containing  integrin  ligands,  including  but  not 
limited  to  fibronectin,  vitronectin,  osteopontin, 
von  Willebrandt  factor,  and  fibrinogen.9  Perhaps 
because  avp3  binds  a  variety  of  RGD  sequences, 
previous  attempts  to  use  phage  display  to  eluci¬ 
date  broader  RGD  consensus  sequences  have  been 
unsuccessful.  At  least  one  phage  display  scaffold, 
CTLA-4,  was  used  to  screen  for  avp3-binding 
polypeptides.  This  resulted  in  the  identification  of 
phage  clones  that  could  be  used  to  stain  human 
umbilical  vein  endothelial  cells  in  a  flow  cyto¬ 
metric  assay.  However,  no  consensus  binding 
sequence  beyond  RGD  was  reported  and  the  affi¬ 
nity  and  specificity  of  the  purified  protein  was  not 
assessed.18  Here,  we  demonstrate  that  derivatives 
of  FNfnlO  with  high  affinity  and  specificity  for 
avp3  can  be  selected  from  a  partially  randomized 
FNfnlO  library,  expressed  on  the  surface  of  phage 
M13.  All  avp3-binding  FNfnlO  clones  were  found 
to  contain  a  RGDWXE  consensus  sequence,  and 
the  purified  monomeric  FNfnlO-derived  proteins 
were  found  to  have  similar  characteristics  to 
avp3-specific  monoclonal  antibodies,  with  respect 
to  their  stability,  specificity,  affinity,  and  effects  on 
cell  adhesion  and  in  vitro  capillary  tube  formation. 


Results 

Screening  of  the  JCFN-RGD  phage  display 
library  for  avp3  binding  resulted  in  selection 
of  phage  clones  containing  RGDWXE  in  the  FG 
loop  of  displayed  FNfnlO 

In  the  FNfnlO  structure,  the  FG  loop  corresponds 
to  residues  78-87,  and  the  RGD  sequence  to  resi¬ 
dues  79-81  (residue  numbering  according  to  the 
Protein  Data  Bank  entry  1TTG).5  The  five  residues 
immediately  adjacent  to  the  RGD  sequence  in  the 
FG  loop  were  modified  (Figure  1(a)).  The  JCFN- 
RGD  (XRGDXXXX)  library  contained  approxi¬ 
mately  1.5  X  109  independent  clones,  sufficiently 
large  to  include  all  possible  sequences.  The  library 
was  amplified  in  0.0  mM,  0.1  mM,  or  1.0  mM  IPTG 
to  vary  FNfnlO  copy  number  and  screened  for 
binding  to  avp3  integrin.  After  three  rounds  of  bio¬ 
panning,  100- 1000-fold  increased  recovery  of 
phage  was  observed  compared  to  the  initial  library 
(data  not  shown).  Of  20  phage  clones  sequenced. 
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Figure 

1.  Phage  display 

screening 

of  JCFN-RGD 

library.  M13  phage  displaying  a  library  of  FNfnlO  clones 
with  partially  randomized  FG  loops  (XRGDXXXX)  were 
amplified  using  0.0  mM,  0.1  mM,  or  1  mM  IPTG  to  vary 
FNfnlO  copy  number  on  the  phage.  Amplified  phage 
populations  were  subjected  to  three  rounds  of  bio¬ 
panning  against  wells  coated  with  avp3  integrin  (5  jxg/ 
ml),  (a)  A  schematic  drawing  of  FNfnlO5  showing  the 
RGD  sequence  and  the  positions  of  residues  in  the  FG 
loop  that  were  diversified  in  the  JCFNRGD  library.  The 
Figure  was  made  with  the  program  MOLSCRIPT.39 
(b)  Five  clones  each  were  sequenced  from  the  second 
round  eluate  of  the  library  amplified  with  1  mM  IPTG 
(2JCAV1-2JCAV5),  from  the  third  round  eluate  of  the 
library  amplified  with  1  mM  IPTG  (3JCAV1-5),  from  the 
third  round  eluate  of  the  library  amplified  with  low 
IPTG  (3JCLI1-5),  and  from  the  third  round  eluate  of  the 
library  amplified  with  no  IPTG  (3JCNI1-5). 


eight  contained  an  RGDWXE  consensus  sequence 
(Figure  1(b)).  Phage  inputs  of  109,  108  or  107  plaque¬ 
forming  units  (pfu)  were  then  allowed  to  bind  to 
ctvp3  or  BSA-coated  wells  and  bound  phages  were 
recovered  with  0.2  M  glycine  (pH2.2).  Using 
phage  clones  amplified  in  1  mM  IPTG  (high 


FNfnlO  copy  number),  phage  clones  containing 
the  RGDWXE  consensus  were  recovered  at  levels 
of  0.01-1%  input  from  avp3-coated  wells;  the 
clones  were  recovered  at  approximately  1000-fold 
lower  levels  from  BSA-coated  wells  and  integrin- 
binding  was  found  to  be  calcium-dependent  (not 
shown).  In  contrast,  clones  that  lacked  the 
RGDWXE  motif  were  recovered  at  equivalent 
levels  from  both  avp3-coated  and  BSA-coated 
wells  (data  not  shown). 

The  RGDWXE-containing  clones  were  amplified 
in  the  absence  of  IPTG  so  as  to  decrease  the 
expressed  copy  number  of  FNfnlO  protein  on  the 
phage  surface,  and  the  panel  of  clones  were  then 
directly  compared  in  a  phage-binding  assay,  for 
their  ability  to  bind  to  avp3  (not  shown).  The 
clones  recovered  at  the  highest  level  were  2JCAV1, 
2JCAV2,  3JCAV3,  3JCNI1,  and  3JCLI4,  all  of  which 
were  recovered  at  a  level  of  approximately  0.1%  of 
input  phage  from  avp3-coated  wells  and  at  1000- 
fold  lower  levels  from  BSA-coated  wells.  There¬ 
fore,  varying  FNfnlO  copy  number  on  M13  by 
IPTG  concentration  did  not  have  an  effect  on  the 
relative-binding  efficiency  of  the  clones  isolated, 
suggesting  that  the  binding  interaction  between 
the  avp3  integrin  and  the  phage-displayed 
FNfnlO  derivatives  might  be  of  high  affinity. 

The  modified  FNfnlO  proteins  expressed  by  this 
panel  of  phage  clones  were  expressed  as  isolated 
proteins  in  Escherichia  coli,  purified  and 
biotinylated.  3JCLI4  (the  second-highest  recovered 
clone  in  phage-binding  assays),  was  selected  for 
further  study  because  the  purified  FNfnlO  protein 
derived  from  clone  2JCAV1  (the  highest  recovered 
clone)  proved  to  be  rather  insoluble  and  prone  to 
precipitation.  SDS-polyacrylamide  gel  electro¬ 
phoresis  and  Coomassie  blue  staining  revealed  the 
presence  of  a  single  protein  of  the  expected  size 
(~  15  kDa)  within  the  purified  preparation  of  bio¬ 
tinylated  FNfnlO-3JCLI4  protein.  Western  blot 
analysis  using  a  monoclonal  antibody  specific  for 
the  hexahistidine  epitope  tag  on  the  purified 
FNfnlO  protein  confirmed  the  identity  of  this  pro¬ 
tein  (not  shown),  and  further  analysis  revealed 
that  (as  expected)  the  binding  of  both  the  phage 
clone  3JCLI4  and  of  the  corresponding  purified 
protein  (FNfnlO-3JCLI4)  to  avp3  integrin  was 
Ca2+-dependent  and  could  be  eliminated  in  the 
presence  of  EDTA  (data  not  shown). 

FNfn10-3JCLI4  displays  high  affinity  and 
specificity  for  plate-immobilized  av(33 

Biotinylated  FNfnlO-3JCLI4  and  biotinylated 
wild-type  FNfnlO  (FNfnlO-WT)  were  allowed  to 
bind  to  avp3,  alpl,  or  BSA-coated  wells  in  half¬ 
log  increments  from  0.0001  fxg/ml  to  0.1  jxg/ml, 
corresponding  to  molar  concentrations  of  8  pM  to 
8  nM.  Bound  biotinylated  protein  was  detected  by 
ELISA  (Figure  2(a)).  Assuming  a  high  ratio  of  free 
to  bound  FNfnlO-3JCLI4,  the  equation  y  = 
mix /(ml  +  x)  was  fit  to  the  data  (R  >  0.99)  to 
determine  the  half-maximal  binding  affinity  of 
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Figure  2.  Assessment  of  FNfnlO-3JCLI4-binding  affi¬ 
nity  to  avp3  integrin  by  ELISA,  (a)  To  determine  the 
half-maximal  binding  concentration  of  biotinylated 
FNfnl0-3JCLI4  versus  biotinylated  FNfnlO-WT  wells  of 
a  96-well  plate  were  coated  with  avp3  (5  |ig/ml),  alpl 
(5  pg/ml),  or  BSA  (0.5  mg/ml)  and  blocked  with  BSA. 
Biotinylated  FNfnlO-3JCLI4  and  FNfnlO-WT  were  then 
added  to  the  wells  and  allowed  to  bind  for  two  hours. 
Bound  protein  was  detected  by  streptavidin-horseradish 
peroxidase  (2  jxg/inl)  and  ABTS  substrate.  A10o  measure¬ 
ments  were  recorded  for  biotinylated  FNfnlO-3JCLI4 
binding  to  otvp3  (♦)  to  alpl  (A),  or  to  BSA  (  X  )  and  bio¬ 
tinylated  FNfnlO-WT  binding  to  avp3  (■).  Error  bars 
reflect  the  standard  deviation  between  triplicate  wells, 
(b)  A  96-well  plate  was  coated  with  av(33,  avp5,  allbp3, 
alpl,  and  a5pl  purified  integrins,  all  at  5  pg/ml.  Bio¬ 
tinylated  FNfnlO-3JCLI4  (dark  bars)  or  FNfnlO-WT 
(light  bars)  was  then  added  at  a  concentration  of 
0.01  pg/ml,  and  allowed  to  incubate  for  two  hours,  fol¬ 
lowed  by  washing  and  detection.  Error  bars  reflect  the 
standard  deviation  between  triplicate  wells,  (a)  and  (b) 
The  experiments  shown  are  all  representative  of  three 
different  experiments  that  yielded  similar  results. 


0.01  jJig/ml  or  800  pM.  At  each  concentration 
examined,  the  binding  of  biotinylated  FNfnlO- 
3JCLI4  to  avp3  was  higher  than  that  for  FNfnlO- 
WT,  and  FNf  nlO-3JCLI4  was  not  found  to  bind 
detectably  to  the  alpl  integrin  (i.e.  binding  to 
alpl  was  identical  to  binding  to  BSA). 

To  test  the  specificity  of  the  interaction  between 
FNfnlO-3JCLI4  and  avp3  integrin,  biotinylated 
FNfnlO-3JCLI4  or  FNfnlO-WT  were  added  to  wells 
coated  with  5  fxg/ml  concentrations  of  different 
purified  integrins  (Figure  2(b)).  In  this  assay,  the 
detection  of  plate-bound  FNfnlO-3JCLI4  was  sig¬ 
nificant  only  for  those  wells  that  had  been  coated 
with  avp3,  and  not  for  wells  coated  with  other 
integrins,  including  avp5,  a5pl,  alpl  and  allbp3. 


The  disintegrin  echistatin  and  FNfn10-3JCLI4, 
but  not  GRGDSPK  peptide  or  FNfnlO-WT, 
effectively  compete  with  biotinylated  FNfnlO- 
3JCLI4  for  otvp3  binding 

In  order  to  examine  the  relative  affinity  of 
FNfnlO-3JCLI4  compared  to  other  av|33  binding 
molecules,  a  competition  ELISA  analysis  was  per¬ 
formed.  In  these  experiments,  biotinylated 
FNfnlO-3JCLI4  at  800  pM  was  mixed  with  molar 
ratios  of  competitor  proteins  ranging  from  0.01  to 
100,  and  allowed  to  bind  to  avp3-coated  wells 
(Figure  3(a)  and  (b)).  Binding  of  biotinylated 
FNfnl0-3JCLI4  to  avp3  was  unaffected  by  the 
presence  of  the  linear  integrin-binding  peptide 
(GRGDSPK)  or  FNfnlO-WT,  even  when  these 
molecules  were  added  at  100-fold  molar  excess 
(80  nM)  relative  to  FNfnl0-3JCLI4.  Similarly,  the 
linear  peptides  PRGDWNEG  and  PRGDANAG 
also  failed  to  inhibit  FNfnlO-3JCLI4  binding  to 
avp3  at  these  same  concentrations  (data  not 
shown).  In  contrast,  unlabelled  FNfnlO-3JCLI4 
and  echistatin  inhibited  binding  of  biotinylated 
FNfnlO-3JCLI4  at  roughly  equimolar  concen¬ 
trations  (IC50  values  were  750  pM  and  930  pM, 
respectively,  as  calculated  by  logarithmic  curve- 
fit).  These  findings  strongly  suggest  that  FNfnlO- 
3JCLI4  and  echistatin  have  nearly  equivalent 
affinities  for  avp3  and  bind  to  the  same  site; 
echistatin  has  a  published  Kd  of  330  pM.19 

Alanine  substitution  for  W  or  E  in  the 
RGDWXE  consensus  sequence  reduces  the 
affinity  of  FNfn10-3JCLI4  for  avp3  integrin 

In  order  to  examine  the  relative  affinity  of 
FNfnl0-3JCLI4  compared  to  mutants  containing 
an  PRGDANEG  or  PRGDWNAG  FG  loop,  a  com¬ 
petition  ELISA  analysis  was  performed.  In  this 
experiment,  biotinylated  FNfnlO-3JCLI4  at  800  pM 
was  mixed  with  molar  ratios  of  competitor 
proteins  ranging  from  0.01  to  100,  and  allowed  to 
bind  to  avp3-coated  wells  (Figure  3(c)).  Both 
FNfnlO-3JCLI4(RGDANE)  and  FNfnlO- 
3JCLI4(RGDWNA)  showed  reduced  ability  to 
compete  with  biotinylated  FNfnlO-3JCLI4  com¬ 
pared  to  unlabelled,  unmodified  FNfnlO-3JCLI4. 

FNfn10-3JCLI4  is  an  effective  and  specific 
staining  reagent,  when  used  in  flow 
cytometric  analysis 

Biotinylated  FNfnlO-3JCLI4  (1  jxg/ml)  was 
added  to  wild-type  K562  cells  (a5p  1-positive)  and 
to  K562  cells  that  had  been  stably  transfected  with 
avp3  integrin  (generous  gift  from  Dr  S.  Blystone).20 
Surface-bound  FNfnlO-3JCLI4  was  then  detected 
using  streptavidin-APC  and  stained  cells  were 
enumerated  by  flow  cytometry.  The  mean  fluor¬ 
escence  intensity  of  staining  on  the  avp3-positive 
cells  was  approximately  three  logs  higher  than  on 
the  non-transfected  control  cells  (Figure  4(a)),  and 
concentrations  of  biotinylated  FNfnlO-3JCLI4  as 
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Figure  3.  Competition  ELISAs  to  determine  relative 
affinities  of  FNfnlO-3JCLI4,  echistatin,  FNfnlO-WT,  and 
GRGDSPK  peptide.  A  BSA-blocked  96-well  plate  was 
coated  with  avp3  at  5  p-g/ml,  and  biotinylated  FNfnlO- 
3JCLI4  was  then  added  in  the  presence  or  absence  of  a 
0.01,  0.1,  1,  10,  or  100-fold  molar  excess  of  unlabelled 
competitor  protein,  and  incubated  for  two  hours.  After 
washing  and  detection,  the  A400  of  the  plate  was 
recorded.  Error  bars  reflect  the  standard  deviation 
between  triplicate  wells,  and  the  results  shown  are  repre¬ 
sentative  of  three  different  experiments  that  yielded 
similar  results.  A  background  subtraction  was  per¬ 
formed  on  all  data  points,  by  subtracting  the  measured 
A400  value  that  corresponded  to  binding  of  biotinyated 
FNfnlO-3JCLI4  in  the  presence  of  10  mM  EDTA.  All 
values  in  the  Figure  are  expressed  as  a  percentage  of  the 
A400  of  biotinylated  FNfnlO-3JCLI4  binding  in  the 
absence  of  competitor,  (a)  Binding  competition  with 
unlabelled  FNfnlO-3JCLI4  (A),  echistatin  (■),  and  GRG¬ 
DSPK  peptide  (♦).  (b)  Binding  competition  with 
unlabelled  FNfnlO-3JCLI4  (♦)  or  unlabelled  FNfnlO-WT 
(■).  (c)  Binding  competition  with  unlabelled  FNfnlO- 
3JCLI4  (♦),  unlabelled  FNfnlO-3JCLI4(RGDANE)  (■), 
and  unlabelled  FNfhlO-3JCLI4(RGDWNA)  (A). 


low  as  8  ng/ml  were  found  to  be  capable  of  effec¬ 
tively  and  specifically  staining  K562-avp3  cells 
(data  not  shown). 

Having  optimized  our  staining  analysis  using 
the  K562-avp3  cells,  we  proceeded  to  a  more 
complete  analysis  of  the  specificity  of  cell  surface 
binding  of  biotinylated  FNfnlO-3JCLI4,  using  a 
panel  of  K562  cell  sublines,  each  of  which  had 
been  stably  transfected  with  various  integrin 
heterodimers  (av(33,  av05,  allbp3,  a401,  and 
a4p7;  gift  from  S.  Blystone).20  These  experiments 
revealed  that  FNfnlO-3JCLI4  showed  a  strong 
selective  preference  for  avp3,  although  it  did  also 
react  very  weakly  with  allbp3  positive  cells.  In 
contrast,  FNfnlO-WT  showed  a  slight  preference 
for  cells  expressing  avp3,  but  stained  all  of  the 
K562  lines  with  low  intensity  (Figure  4(b)). 

One  of  the  unique  properties  of  the  FNfnlO 
scaffold  is  its  high  level  of  physical  stability.  We 
therefore  examined  the  effect  of  prolonged  incu¬ 
bation  at  elevated  temperatures  on  the  binding 
activity  of  FNfnlO-3JCLI4,  as  compared  to  the 
avp3-specific  monoclonal  antibody,  LM609.  In 
these  studies,  FNfnlO-3JCLI4  and  LM609  were 
incubated  for  24  hours  at  4  °C,  20  °C,  37  °C,  50  °C, 
65  °C,  or  75  °C,  prior  to  addition  to  K562-avp3 
cells  and  performance  of  flow  cytometry.  As  can 
be  observed  in  Figure  4(c),  incubation  of  bio¬ 
tinylated  FNfnlO-3JCLI4  at  75  °C  for  24  hours  had 
only  a  modest  effect  on  its  cell-binding  activity;  in 
contrast,  the  same  conditions  resulted  in  the  com¬ 
plete  elimination  of  LM609's  ability  to  interact 
with  avp3. 

FNfn10-3JCL!4  Inhibits  av03-dependent  cell 
adhesion  but  not  allbp3-dependent 
cell  adhesion 

K562-avp3  cells,  but  not  K562  cells  (a501-posi- 
tive),  adhere  strongly  to  vitronectin  (but  not  BSA). 
This  property  was  therefore  used  as  the  basis  for  a 
quantitative  assessment  of  the  ability  of  FNfnlO- 
3JLCI4  to  disrupt  av  03-dependent  cell  adhesion. 
To  do  this,  K562-av03  cells  were  allowed  to  adhere 
to  vitronectin-coated  wells,  and  the  number  of 
bound  cells  per  well  was  then  quantified  by  crystal 
violet  staining  and  cell  solubilization. 

LM609,  a  commonly  used  avp3  function-block¬ 
ing  antibody,  and  FNfnlO-3JCLI4  were  both  found 
to  inhibit  adhesion  of  K562-av03  cells  to  vitro¬ 
nectin,  while  FNfnlO-WT  showed  little  effect  in 
this  assay  (Figure  5(a)).  A  more  careful  analysis, 
using  a  wider  range  of  protein  concentrations, 
revealed  that  FNfnlO-3JCLI4  inhibits  av03-depen- 
dent  adhesion  to  vitronectin  at  approximately  the 
same  concentrations  as  the  well-characterized, 
avp3-binding  disintegrin,  echistatin  (Figure  5(b)). 
Based  on  an  exponential  curve-fit,  echistatin  was 
found  to  inhibit  avp3-mediated  cell  adhesion  to 
vitronectin  with  an  IC50  of  5.9  nM,  while  FNfnlO- 
3JCLI4  inhibited  av03-dependent  adhesion  to 
vitronectin  with  an  IC50  of  8.6  nM  ( R  >  0.99  in 
both  cases).  We  also  examined  the  effect  of 
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Figure  4.  Flow  cytometric  analysis  of  FN£nl0-3JCLI4 
binding  to  human  cells.  Biotinylated  FNfnlO-3JCLI4  or 
FNfnlO-WT  were  added  to  105  cells  at  a  concentration  of 
1  |JLg/ml  and  incubated  for  30  minutes.  Bound  proteins 
were  then  detected  with  streptavidin-APC,  and  the 
mean  fluorescence  of  10,000  cells  per  sample  was 
recorded.  All  experiments  were  performed  three  times, 
with  similar  results;  error  bars  (b  and  c)  represent  the 
standard  deviation  of  three  samples  of  105  cells  stained 
separately,  (a)  Histogram  plot  of  flow  cytometric  staining 
analysis  of  K562  and  K562-av(53  cells  using  FNfnlO- 
3JCLI4.  (b)  Mean  APC  fluorescence  for  integrin-trans- 
fected  K562  cells  stained  with  biotinylated  FNfnlO- 
3JCLI4  (dark  bars)  or  FNfnlO-WT  (light  bars),  (c)  To 
determine  the  effect  of  high  temperature  on  FNfnlO- 


FNfnlO-3JCLI4  on  allbp3-dependent  cell  adhesion, 
because  of  the  weak-binding  activity  of  FNfnlO- 
3JCLI4  for  K562-aIIbp3  cells  that  was  revealed 
in  our  flow  cytometric  analyses.  These  experi¬ 
ments  revealed  that  FNfnlO-3JCLI4  inhibited 
allbp3-mediated  cell  adhesion  to  vitronectin  at 
concentrations  between  one  and  two  logs  higher 
than  the  inhibitory  concentrations  of  echistatin. 
Estimated  IC50  values  based  on  logarithmic  curve 
fit  were  approximately  150  nM  for  FNfnlO-3JCLI4 
(two  points  only,  no  R  value  calculated)  and 
6.3  nM  for  echistatin  ( R  >  0.99)  (Figure  5(c)).  Non- 
transfected  K562  cells  (a5p  1-positive)  adhered 
strongly  to  fibronectin  and  while  FNfnlO-3JCLI4 
showed  no  discemable  inhibition  at  concentration 
up  to  400  nM,  echistatin  inhibited  adherence  of 
K562  cells  to  fibronectin  with  an  approximate  IC50 
of  56  nM  (R  >  0.99)  (Figure  5(d)). 


Alanine  substitution  for  W  or  E  in  the 
RGDWXE  consensus  sequence  reduces  the 
specificity  of  FNfn10-3JCLI4  for  avp3  integrin 
in  cell  adhesion  assays 

Table  1  shows  the  relative  inhibition  of  K562 
lines  by  FNfnlO-3JCLI4,  FNfnlO-3JCLI4(RG- 
DANE),  or  FNfnlO-3JCLI4(RGDWNA).  These 
experiments  were  performed  in  the  presence  of 
160  nM  inhibitor,  well  above  the  concentration  of 
FNfnlO-3JCLI4  required  to  completely  inhibit 
adhesion  of  K562-avp3  cells  to  vitronectin,  in 
order  to  identify  the  cross-reactivities  of  the  alanine 
substitution  mutants,  known  to  bind  avp3  integrin 
with  lower  affinity.  These  experiments  show  that 
while  FNfnlO-3JCLI4  and  FNfnlO-3JCLI4(RG- 
DANE)  show  virtually  no  cross-reactivity  with 
avp5  integrin  at  this  concentration,  FNfnlO- 
3JCLI4(RGDWNA)  shows  nearly  half-maximal 
inhibition.  As  expected,  FNfnlO-3JCLI4  shows 
cross-reactivity  with  allbp3  at  this  concentration; 
FNfnlO-3JCLI4(RGDANE)  also  cross-reacts  at  near 
half-maximal  affinity  while  FNfnlO(RGDWNA) 
shows  somewhat  less  cross-reactivity.  Therefore, 
it  appears  that  the  tryptophan  in  the  RGDWXE 
consensus  sequence  may  be  more  important  in 
conferring  specificity  to  av  over  aUb,  while  the 
glutamic  acid  residue  may  confer  specificity  to  p3 
over  P5. 


3JCLI4  stability,  1  jxg  /ml  FNfnlO-3JCLI4  (♦)  or  5  jxg/ml 
LM609  (■)  were  incubated  for  24  hours  in  FACS  buffer 
at  4  °C,  20  °C,  37  °C,  50  °C,  65  °C,  or  75  °C.  105  K562- 
avp3  cells  were  pelleted  for  each  sample  and  resus¬ 
pended  in  the  appropriately  treated  FNfnlO-3JCLI4  or 
LM609,  followed  by  detection  as  above.  Results  (mean 
fluorescence)  are  expressed  as  a  percentage  of  values 
determined  after  FNfnlO-3JCLI4  or  LM609  were  incu¬ 
bated  at  4  °C  prior  to  their  addition  to  the  cells. 
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Figure  5.  Inhibition  of  integrin-dependent  cell 
adhesion.  Vitronectin  (a-c)  or  fibronectin  (d)  coated 
strips  (as  well  as  uncoated  control  wells)  were  incubated 
with  105  K562  cells,  K562-av(33  cells,  or  K562-aIIbp3  cells 
for  two  hours  in  the  presence  or  absence  of  the  indicated 
inhibitors.  Non-adherent  cells  were  removed  by  wash¬ 
ing,  while  adherent  cells  were  stained  with  crystal  violet, 
solubilized,  and  quantified  by  measuring  the  The 
background  level  of  crystal  violet  in  control  wells  was 
calculated  on  the  basis  of  measured  A6 oo  for  BSA-coated 
wells  (no  integrin).  Error  bars  represent  the  standard 
deviation  of  triplicate  wells,  and  all  experiments  were 
performed  three  times,  with  similar  results,  (a)  Adhesion 


Table  1.  Inhibition  of  integrin  dependent  cell  adhesion 
by  alanine  substitution  FNfnlO-3JCLI4  mutants 


K562-aVp3 

K562-aV(35 

K562-aIIb(33 

3JCLI4 

99.2  ±  1.3 

0.0  ±  3.8 

67.8  ±  2.9 

3JCLI4-RGDANE 

21.7  ±  5.2 

1.7  ±  8.1 

43.2  ±  4.0 

3JCLI4-RGDWNA 
Anti-aV|33  mAb 

40.5  ±  7.3 
84.0  ±  7.5 

41.6  ±  2.5 

17.9  ±  5.8 

Chart  values  reflect  the  percentage  inhibition  (100%  —  % 
background-subtracted  A6 oo  for  K562  line  adhesion  to  vitro¬ 
nectin  in  the  absence  of  competitor,  background  subtraction  as 
in  Figure  5)  plus /minus  the  standard  deviation  of  triplicate 
wells.  A  value  of  100%  corresponds  to  a  complete  absence  of 
cell  adhesion  to  the  well.  All  experiments  were  performed 
three  times  in  a  manner  identical  to  the  experiments  described 
in  the  legend  to  Figure  5,  with  similar  results.  All  inhibitors 
were  added  at  a  concentration  of  160  nM,  well  above  the  con¬ 
centration  required  for  complete  inhibition  of  K562-avp3  cells 
by  FNfnlO-3JCLI4. 


FNfn10-3JCLI4  interferes  with  in  vitro 
endothelial  capillary  tube  formation 

Using  the  Quantimatrix  (Chemicon)  in  vitro 
extracellular  membrane  system,  SV-HCECs  spon¬ 
taneously  formed  capillary  tubes  within  three  to 
five  hours  and  this  process  was  stimulated  by  the 
presence  of  bFGF.  Both  LM609  anti-av(33  mAb 
(20jxg/ml)  and  FNfnlO-3JCLI4  (0.1  jig/ml),  but 


of  K562-avp3  cells  to  vitronectin.  Inhibitors  added 
include  FNfnlO-3JCLI4,  FNfnlO-WT,  and  LM609  anti¬ 
body,  at  the  stated  final  concentrations.  The  lane  marked 
"non-transfected  K562"  corresponds  to  control  K562 
cells  (no  otv(33),  while  "BSA  coated  plate"  denotes  cell 
adherence  (K562-civ(33  cells)  measured  on  control  wells 
(no  vitronectin);  the  lane  marked  "no  treatment"  corre¬ 
sponds  to  K562-av{33  cells  which  were  bound  to  vitro¬ 
nectin  in  the  absence  of  any  competitor,  (b)  Adhesion  of 
K562-av33  cells  to  vitronectin.  Echistatin  (■)  and 
FNfnlO-3JCLI4  (♦)  were  added  at  final  concentrations  of 
400  nM,  40  nM,  and  4  nM,  prior  to  addition  of  the  cells 
and  initiation  of  the  binding  assay.  Binding  is  expressed 
as  a  percentage  of  the  A6Q0  recorded  for  K562-otv(33 
adhesion  in  the  absence  of  competitor,  and  a  background 
subtraction  was  performed  for  all  data  points,  which 
corresponded  to  the  measured  A6 oo  for  BSA-coated  wells 
(no  integrin).  (c)  Adhesion  of  K562-aHbp3  cells  to  vitro¬ 
nectin.  Echistatin  (■)  and  FNfnlO-3JCLI4  (♦)  were 
added  at  final  concentrations  of  400  nM,  40  nM,  and 
4  nM  prior  to  addition  of  the  cells  and  initiation  of  the 
binding  assay.  Binding  is  expressed  as  a  percentage  of 
the  A6W  recorded  for  K562-anb(33  adhesion  in  the 
absence  of  competitor,  and  a  background  subtraction 
was  performed  for  all  data  points,  which  corresponded 
to  the  measured  A600  for  BSA-coated  wells  (no  integrin). 
(d)  Adhesion  of  K562  cells  to  fibronectin.  Echistatin  (■) 
and  FNfnlO-3JCLI4  (♦)  were  added  at  final  concen¬ 
trations  of  400  nM,  40  nM,  and  4  nM  prior  to  addition  of 
the  cells  and  initiation  of  the  binding  assay.  Binding  is 
expressed  as  a  percentage  of  the  A6Q0  recorded  for  K562 
adhesion  in  the  absence  of  competitor,  and  a  background 
subtraction  was  performed  for  all  data  points,  which 
corresponded  to  the  measured  A^o  for  BSA-coated  wells 
(no  integrin). 
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not  FNfnlO  (0.1  jjLg/ml),  inhibited  this  process  as 
assessed  by  total  tube  length  per  center  field  and 
by  total  number  of  tubes  per  well  (Figure  6(a)  and 
(b)).  LM609  did  not  consistently  inhibit  tube  for¬ 
mation  at  lower  concentrations  (data  not  shown). 


Discussion 

Here,  we  have  applied  phage  display  technology 
and  random  mutagenesis  techniques  to  carry  out 
affinity  maturation  of  FNfnlO  binding  to  av(33 
integrin.  Using  one  phage  clone  that  was  derived 
from  a  biopanning  screen  against  immobilized 
avp3,  3JCLI4,  we  found  the  following:  (i)  modified 
FNfnlO  phage  clones,  including  3JCLI4,  which 
bind  to  avp3  integrin,  all  contain  a  RGDWXE  con¬ 
sensus;  (ii)  purified  FNfnlO-3JCLI4  protein  binds 
to  immobilized  human  avp3  integrin  with  much 
higher  affinity  than  FNfnlO-WT  and  exhibits  only 
background  binding  to  other  purified  integrins; 
(iii)  binding  of  FNfnlO-3JLCI4  to  avp3  could  be 
successfully  competed  using  approximately  equi¬ 
molar  concentrations  of  unlabelled  FNfnlO-3JCLI4 
or  echistatin,  but  not  by  either  FNfnlO-WT  or  GRG- 
DSPK  peptide  (even  when  added  at  100-fold  molar 
excess);  (iv)  FNfnlO-3JCLI4  is  a  sensitive  and 
specific  reagent  for  the  detection  of  human  avp3 
integrin  in  flow  cytometry  applications;  (v)  the 
binding  of  FNfnlO-3JCLI4  to  avp3  integrin  is  main¬ 
tained  even  after  prolonged  exposure  of  FNfnlO- 
3JCLI4  to  high  temperature;  (vi)  FNfnlO-3JCLI4 
inhibits  cell  adhesion  to  vitronectin  via  avp3  at 
much  lower  (nanomolar)  concentrations  than  it 
inhibits  cell  adhesion  to  vitronectin  via  allbp3  in 
transfected  K562  cells;  (vii)  replacement  of  the  W 
or  E  in  the  PRGDWNEG  FG  loop  sequence  on 
FNfnlO-3JCLI4  reduces  both  the  affinity  and 
specificity  of  avp3  interactions;  and  (viii)  FNfnlO- 
3JCLI4  inhibits  in  vitro  endothelial  capillary  tube 
formation. 

The  RGDW  consensus  sequence  that  was 
detected  in  our  avp3-selected  FNfnlO-display 
phage  clones  has  previously  been  reported  to  be 
preferentially  selective  for  allbp3  integrin  over 
avp3,  at  least  in  the  context  of  disintegrins  such  as 
eristostatin.21  RGDW  peptides  are  also  used  to 
induce  integrin  activation  and  in  competition 
assays  with  putative  allbp3  integrin  ligands.22 
Because  FNfnlO-3JCLI4  exhibits  no  binding  to 
plate-immobilized  allbp3  and  very  low  cross¬ 
reactivity  with  allb  [33-positive  cells  in  flow  cyto¬ 
metric  analyis  and  cell  adhesion  assays,  the  tertiary 
structure  of  FNfnlO  may  play  a  role  in  the 
increased  specificity  of  this  RGDW-containing 
molecule  for  avp3  integrin.  Alternatively,  the 
glutamic  acid  residue  within  the  extended  consen¬ 
sus  motif  (RGDWXE)  may  be  significant.  The  dis¬ 
integrins  eristostatin  and  EC6B  each  contain  an 
aspartic  acid  residue  at  the  corresponding  location 
(RGDWND),21'23'24  and  though  they  both  bind 
avp3,  they  interact  preferentially  with  allbp3.  In 
our  studies  with  alanine  substitution  mutants  of 


(a)  180 


160 


noFGF  FGF  FGF+  FGF  +  FGF  + 
FNfnlO  FNfnlO-  LM609 
3JCL14 


FNfnlO  FNfnlO-  LM609 
3JCLI4 

Figure  6.  Inhibition  of  in  vitro  capillary  tube  formation 
by  FNfnlO-3JCLI4.  SV40-immortalized  human  cerebral 
endothelial  cells  (SV-HCECs)  were  incubated  on  Quanti- 
matrix  in  the  presence  or  absence  of  inhibitor  for  three 
to  five  hours  at  37  °C  until  capillary  tube  formation  was 
observed.  At  that  time,  the  total  number  of  tubes  per 
well  (96-well  plate)  were  counted  by  a  blinded  observer 
as  described  in  Experimental  Procedures  (Figure  6(a)). 
Alternatively,  the  total  relative  tube  length  was  measured 
for  the  center  field  of  a  24-well  plate  as  described  in 
Experimental  Procedures  (Figure  6(b)).  Error  bars 
represent  the  standard  deviation  of  triplicate  wells,  and 
both  experiments  were  performed  three  times,  with 
similar  results. 


FNfnlO-3JCLI4,  both  the  tryptophan  and  glutamic 
acid  residues  are  necessary  for  maximal  binding 
affinity.  In  results  contradictory  to  the  known  dis- 
integrin  and  other  RGDW  sequence  data,  it 
appears  that  loss  of  the  tryptophan  residue  in  the 
RGDWXE  consensus  sequence  confers  greater 
cross-  reactivity  to  allbp3  integrin  and  that  loss  of 
the  glutamic  acid  residue  confers  greater  cross¬ 
reactivity  to  avp5  integrin.  These  differences  may 
be  due  to  the  shorter,  more  constrained  loop  struc¬ 
ture  of  FNfnlO  compared  to  disintegrins.  It  will  be 
interesting  to  characterize  the  three-dimensional 
structure  and  conformational  dynamics  of  the 
FNfnlO  mutants  obtained  in  this  study. 

Like  the  disintegrins,  FNfnlO-3JCLI4  is  a  small 
monomeric  molecule  with  high  integrin-binding 
affinity.  In  our  studies,  echistatin  and  FNfnlO- 
3JCLI4  were  inferred  to  have  similar  binding 
affinities  for  av(33  because  they  were  both  able 
to  compete  with  biotinylated  FNfnlO-3JCLI4  for 
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binding  to  immobilized  avp3,  at  roughly  equi¬ 
molar  concentrations.  Consistent  with  this,  echista- 
tin  has  a  reported  Kd  of  330  pM  for  avp319  while 
the  value  calculated  here  for  the  half-maximal 
binding  affinity  of  FNfnlO-3JCLI4  for  avp3  was 
800  pM. 

This  affinity  is  considerably  higher  than  the 
measured  binding  affinities  of  other  integrin- 
ligands  that  have  been  isolated  via  phage  display 
technology,  including  conventionally  derived 
cysteine-constrained  peptides,  which  have  at  best 
yielded  molecules  with  a  high  nanomolar  binding 
affinity  for  their  target  integral.435'26  In  general, 
these  cyclic  peptides  also  exhibit  a  lesser  degree  of 
selectivity  for  the  specific  integrin  against  which 
they  were  selected,  as  compared  to  the  FNfnlO- 
3JCLI4.  Available  data  on  the  avp3-binding  pro¬ 
teins  selected  using  the  CTLA-4  scaffold  do  not 
include  information  pertaining  to  protein  binding 
affinities  or  integrin  selectivity,18  so  it  is  difficult  to 
make  direct  comparisons  to  the  present  work. 
However,  more  directed  protein  engineering 
approaches  have  resulted  in  results  analogous  to 
these  described  here.  For  example,  the  "grafting" 
of  the  complementarity-determining  region  of  a 
aUbp3-specific  monoclonal  antibody  onto  a  surface 
loop  within  the  tissue  plasminogen  activator 
protein  resulted  in  the  creation  of  a  hybrid  protein 
with  a  binding  affinity  for  allbp3  of  900  pM.27  Dis¬ 
advantages  of  this  grafting  approach  include  the 
fact  that  it  requires  that  one  have  in-hand  a  mono¬ 
clonal  antibody  or  similar  reagent,  and  that  the 
binding  specificity/affinity  conferred  by  this 
reagent  should  not  be  destroyed  when  it  is  placed 
in  a  novel  context. 

One  other  approach  to  the  derivation  of  novel 
integrin-binding  proteins  was  described  recently 
by  Tani  and  colleagues.28  These  workers  performed 
directed  protein  evolution  (mutagenesis,  followed 
by  phage  display  and  selection)  of  the  ninth  and 
tenth  domains  of  fibronection,28  and  they  identified 
a  mutant  (D1418V)  that  possessed  enhanced  (low 
nanomolar)  binding  to  the  integrins  allbp3  and 
a5pi,  but  not  avp3.  Interestingly,  this  residue  is 
located  in  the  linker  region  between  the  FN9  and 
FnlO  domains,  well  away  from  either  the  RGD  or 
the  MIDAS  motif.28 

In  any  event,  the  high  affinity  of  FNfnlO-3JCLI4 
for  avp3,  suggested  that  FNfnlO-3JCLI4  might  be 
suitable  for  use  in  flow  cytometric  applications. 
Experimental  analysis  revealed  this  was  indeed 
the  case,  and  these  studies  also  showed  that 
FNfnlO-3JCLI4  performed  with  similar  specificity 
to  an  avp3-specific  monoclonal  antibody  in  flow 
cytometric  staining  using  K562-avp3  cells.  It 
should  be  noted  that  FNfnlO-3JCLI4  is  monomeric, 
unlike  monoclonal  antibodies  (divalent)  or  other 
cell-staining  reagents  used  in  flow  cytometry 
(MHQpeptide  tetramers).  Furthermore,  FNfnlO- 
3JCLI4  is  considerably  more  heat  stable  than  a  typi¬ 
cal  monoclonal  antibody,  as  revealed  by  its  ability 
to  continue  to  bind  avp3,  even  after  24  hours 
incubation  at  75  °C. 


A  problem  encountered  in  many  molecules  that 
target  avp3  integrins  is  their  cross-reactivity  with 
other  integrin  subtypes,  particularly  other  av  or 
P3  integrins.  FNfnlO-3JCLI4  was  found  to  bind 
only  to  immobilized  purified  avp3,  and  not  to 
other  integrins  tested.  The  failure  of  FNfnlO-WT 
and  FNfnlO-3JCLI4  to  interact  with  a5pi  is  con¬ 
sistent  with  previous  reports  that  the  ninth  and 
eighth  fibronectin  type  III  domains  are  also 
required  for  FNfnlO  binding  to  a5pl.29  In  addition, 
the  inability  of  FNfnlO-3JCLI4  to  bind  to  avp5  and 
allbp3  suggests  that  its  integrin-binding  activity  is 
likely  dependent  on  a  structural  interaction  with 
the  avp3  complex  and  not  with  either  subunit 
alone.  The  narrow  integrin-binding  specificity  of 
FNfnlO-3JCLI4  can  be  contrasted  with  the  more 
broad  integrin-binding  profile  that  is  exhibited 
by  disintegrins  such  as  eristostatin  and  kistrin, 
which  bind  to  both  ctllbp3  and  avp3.21  Similarly, 
the  penton  base  protein  from  adenovirus  type  5 
binds  to  both  avp3  and  avp5,  and  the  engi¬ 
neered  Fab  construct  (WOW-1)  exhibits  cross¬ 
reactivity  with  avp5  integrin  similar  to  that  of 
penton  base.30 

The  FG  loop  of  FNfnlO  that  contains  the  RGD 
sequence  is  highly  dynamic  and  it  is  disordered  in 
the  X-ray  and  NMR  structures.531  Thus,  these 
structures  do  not  provide  a  reliable  template  to 
model  the  FG  loop  of  3JCLI4  or  to  perform  a  dock¬ 
ing  study  using  the  crystal  structure  of  avp3.3233 
However,  a  close  examination  of  the  avp3 
structure  provided  insights  into  the  potential 
mechanism  of  the  increased  affinity  and  specificity 
of  3JCLI4  toward  avp3. 

In  the  crystal  structure  of  avp3  in  complex  with 
an  RGD  peptide,33  the  residue  following  the  Asp 
of  the  peptide  (D-Phe  in  this  crystal  structure)  is 
highly  exposed,  suggesting  that  the  Trp  residue  in 
the  RGDWXE  motif  would  be  readily  accommo¬ 
dated  in  this  binding  pocket.  Moreover,  there  is  a 
small  hydrophobic  pocket  near  this  Phe  side- 
chain.  Thus,  it  is  possible  that  binding  of  the  Trp 
side-chain  into  this  pocket  is  responsible  for  the 
enhanced  affinity  of  3JCLI4  to  avp3. 

There  are  three  Mn  cations  in  the  vicinity  of  the 
RGD-binding  site  of  avp3  in  the  avp3-RGD  com¬ 
plex.  The  Asp  side-chain  carboxylate  group  of  the 
RGD  peptide  contacts  a  Mn  cation  at  the  so-called 
MIDAS  (metal  ion-dependent  adhesion  site). 
Another  Mn  cation  at  the  so-called  AMIDAS 
(adjacent  to  MIDAS)  is  primarily  coordinated  by 
Aspl26  and  Aspl27  of  P3.  This  cation  is  located  at 
a  position  that  could  be  reached  by  the  carboxylate 
group  of  Glu  in  the  RGDWXE  motif.  A  Ca 
cation  was  found  at  the  AMIDAS  in  the 
unliganded  structure  of  avp3  that  was  determined 
in  the  presence  of  Ca.32  Thus,  it  is  highly  likely 
that  a  Ca  cation  at  the  AMIDAS  was  present  in 
our  screening,  which  was  also  performed  in  the 
presence  of  Ca. 

The  Glu  to  Ala  mutation  in  the  RGDWXE  motif 
resulted  in  a  significant  increase  in  the  inhibition 
of  avp5-mediated  cell  attachment  (Table  1).  This 
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suggests  increased  affinity  of  the  mutant  (3JCLI4- 
RGDWNA)  to  av(35.  Although  residues  at 
the  MIDAS  and  AMIDAS  are  nearly  completely 
conserved  between  the  (33  and  p5  integrins, 
Trpl29  of  P3  is  replaced  with  Asp  in  P5.34  It  is 
tempting  to  speculate  that  3JCLI4  probes  a  differ¬ 
ence  in  the  conformation  at  or  near  the  AMIDAS 
and  that  the  Glu-to-Ala  mutation  abolishes  the 
ability  of  3JCLI4  to  discriminate  the  conformational 
difference  at  this  location. 

3JCLI4  does  not  bind  well  to  allbp3,  suggesting 
that  3JCLI4  can  discriminate  the  alib  from  av.  In 
the  avp3-RGD  complex,  only  the  Arg  residue  of 
the  RGD  peptide  makes  extensive  interactions 
with  the  av  subunit.  Two  residues  that  make  direct 
contacts  with  the  Arg  side-chain  are  different 
between  av  and  alib  (Ala215  and  Asp218  in  av 
versus  Glu  and  a  deletion,  respectively,  in  alib), 
suggesting  that  the  property  of  the  Arg-binding 
site  may  be  significantly  different  between  these 
two  a  subunits.  It  is  also  possible  that  the  FG  loop 
of  3JCLI4  makes  additional  contacts  with  the 
a  subunit,  which  may  enhance  the  binding 
specificity. 

FNfnlO-3JCLI4  did  exhibit  a  weak  interaction 
with  allbp3  in  our  flow  cytometry  assay,  but  we 
do  not  anticipate  that  this  will  be  a  major  detriment 
to  the  more  widespread  use  of  this  molecule  in  cell 
staining  applications  because  (i)  no  interaction 
with  aE0bp3  was  detected  in  biochemical  binding 
studies  (see  above),  (ii)  binding  to  allbp3  positive 
cells  was  almost  tenfold  weaker  than  binding  to 
avp3-positive  cells  in  the  flow  cytometric  analysis, 
and  (iii)  allbp3  expression  is  limited  to  platelets. 
The  ability  of  FNfnlO-3JCLI4  to  block  avp3-depen- 
dent  cell  adhesion  at  similar  concentrations  to 
echistatin,  its  lack  of  cross-reactivity  with  a5pl  in 
inhibition  of  cell  adhesion  to  vitronectin,  and  its 
low  inhibition  of  allbp3-dependent  adhesion  to 
vitronectin  compared  to  echistatin  further  supports 
its  specifity  for  avp3.  The  cross-reactivity  to  allbp3 
observed  in  cell  adhesion  assays  was  similar  to 
that  of  a  monoclonal  antibody  known  to  be  specific 
for  avp3,  so  it  may  be  due  to  generally  weak 
interactions  of  allbp3  with  vitronectin  in  this  sys¬ 
tem.  Slight  cross-reactivity  (1-10%)  of  FNfnlO- 
3JCLI4  with  allbp3  is  also  not  expected  to  be  a 
problem  in  gene  delivery  applications,  since  plate¬ 
lets  are  anucleate  and  thus  lack  transcriptional 
machinery. 

The  structure  of  FNfnlO-3JCLI4  is  advantageous 
for  multiple  applications;  FNfnlO-3JCLI4  lacks 
disulfide  bonds,  rendering  it  resistant  against 
reducing  agents,  is  very  stable  even  at  high  tem¬ 
perature,  and  can  be  produced  in  a  bacterial 
expression  system  with  yields  of  up  to  50-100  mg 
per  liter  of  culture.  Since  FNfnlO-3JCLI4  is  a 
monomer  that  lacks  disulfide  bonds,  it  has  several 
advantages  over  a  monoclonal  antibody  with  simi¬ 
lar  affinity.  As  a  small,  single-chain  molecule, 
FNfnlO-3JCLI4  could  potentially  be  incorporated 
into  gene  delivery  vectors  (e.g.  viral  vectors,  lipo¬ 
somes)  for  cell  or  tissue-specific  gene  expression. 


Indeed,  the  incorporation  of  low-affinity  RGD 
peptides  into  various  viral  vectors,  and  the 
addition  of  bispecific  antibody  complexes  to  viral 
surface  components,  have  already  been  shown  to 
result  in  desirable  improvements  in  vector  speci¬ 
ficity  and  transduction  efficiency.35-38  avp3-posi- 
tive  cells  that  may  be  of  particular  interest  for 
targeted  vector  systems  include  dendritic  cells  (for 
vaccine  applications)  as  well  as  osteoclasts  and 
angiogenic  vessels.  Finally,  FNfnlO-3JCLI4  may 
have  utility  as  a  cancer  imaging  agent,  because  of 
its  ability  to  recognize  avp3  on  tumor  vasculature, 
which  is  supported  by  its  in  vitro  inhibition  of 
capillary  tube  formation.  Further  studies  will  be 
required  to  explore  these  various  applications. 


Experimental  Procedures 

General  reagents 

All  chemicals,  unless  otherwise  specified,  were 
obtained  from  Sigma  (St.  Louis,  MO).  Purified  integrins, 
cell  adhesion  strips,  and  LM609  were  purchased  from 
Chemicon  (Temecula,  California).  Echistatin  and  GRG- 
DSPK  peptide  were  obtained  from  Bachem  (Torrence, 
California). 

Cell  culture 

K562,  K562-avp3,  K562-cdIbp3,  K562-av£5,  K562- 
a401,  and  K562-ot407  cells  were  a  gift  from  Dr 
S.  Blystone  (Upstate  Medical  University,  Syracuse, 
NY);20  expression  of  integrins  was  confirmed  by  flow 
cytometry.  K562  cells  were  maintained  in  Iscove's  Modi¬ 
fied  Dulbecco's  Medium  (IMDM)  (Gibco,  Invitrogen, 
Grand  Island,  NY)  supplemented  with  10%  (v/v)  fetal 
bovine  serum  (Sigma),  0.5  unit/1  penicillin-streptomycin, 
and  2  mM  L -glutamine  (Gibco).  K562-avp3,  K562-aIIbp3, 
K562-avp5,  K562-a4pl,  and  K562-a4p7  cells  were  main¬ 
tained  in  the  same  media  containing  500  p-g/ml  G418 
(Geneticin)  (Gibco).  SV40-immortalized  human  cerebral 
endothelial  cells  (SV-HCECs,  gift  from  D.B.  Stanimirovic, 
University  of  Montreal)  were  maintained  in  RPMI  1640 
(Gibco)  supplemented  with  20%  fetal  bovine  serum 
(Sigma),  0.5  unit/1  penicillin-streptomycin,  2  mM  L-glu- 
tamine  (Gibco),  10  pg/ml  heparin  (Sigma),  and  1  jig/ml 
hydrocortisone  (Sigma).  Some  SV-HCECs,  as  noted, 
were  also  maintained  in  lOng/ml  basic  fibroblast 
growth  factor  (Gibco). 

Construction  of  phage  vectors 

We  constructed  a  phage-display  vector  for  FNfnlO, 
JCFN,  by  cloning  the  FNfnlO  gene7  in  the  modified  M13 
vector,  JC-M13-88.40  The  FNfnlO  gene  was  amplified 
from  pAS387  using  oligonucleotides  FN3JCM8Nhe  (CCT 
AGCTAGCGTAGCTCAGGCCATGCAGGTTTCTGATG 
TTC)  and  FN3JCM8Hin  (GGCCAAGCTTGACCGCCAC 
CAGAACCGCCACCGGTACGGTAG),  digested  with 
the  restriction  enzymes  Nhel  and  Hmdlll,  and  subcloned 
in  JC-M13-88  using  the  same  restriction  enzyme  sites  so 
that  the  FNfnlO  gene  is  placed  in-frame  between  the 
OmpA  signal  sequence  and  M13  gene  VIII.  We 
confirmed  that  the  JCFN  phages  prepared  using  E.  coli 
XL-lblue  displayed  FNfnlO  on  the  phage  surface  by 
ELISA  (data  not  shown).  Purified  FNfnlO  clones  were 
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expressed  with  an  N-terminal  His-tag  and  a  C-terminal 
GKKGK  tag.  The  GKKGK  tag  was  incorporated  to 
increase  the  solubility7  and  to  serve  as  a  preferred 
chemical  modification  site.  FNfnlO  genes  were  amplified 
using  oligonucleotides  FN1F2  (CGGGATCCCATATGC 
AGGTTTCTGATGTTCCGCGTGACCTGGAAGTT 
GTTGCTGCGACC)  and  FN3GKKGK  (CCGACTCGAG 
TTACTATTTACCTTTTTTACCGGTACGGTAGTT 
AATCGAG),  digested  with  the  restriction  enzymes  Nde  I 
and  Xhol,  and  ligated  with  pAS457  digested  with  the 
same  restriction  enzymes.  The  expression  vector  for  the 
wild-type  protein,  pAS54,  contained  an  Arg6  to  Thr 
mutation  that  had  been  introduced  to  remove  a  second¬ 
ary  Thrombin  site.7 


Construction  of  the  FNfnlO  library 

We  constructed  a  FNfnlO  library,  JCFN-RGD,  in  such  a 
way  that  the  FG  loop  has  XRGDXXXX  sequence  where  X 
stands  for  any  amino  acid  (residues  77-84;  residue 
numbering  is  according  to  Figure  2(a)  of  Koide  et  a!.7) 
Mutagenesis  on  the  JCFN  template  was  performed 
following  Kunkel's  method41  using  an  oligonucleotide 
JCFNFGRGD  (GTTAATCGAGATTGGCTTGGAMNNM 
NNMNNMNNATCGCCGCGMNNAGTAACAGCGTAT 
AC,  where  N  is  a  mixture  of  A,  G,  C  and  T,  and  M  is  a 
mixture  of  A  and  C).  E.  coli  SS320  was  electro-trans¬ 
formed  with  the  mutagenesis  mixture,  resulting  in  a 
phage  library  containing  1.5  X  109  independent  clones. 
The  phages  were  re-amplified  in  E.  coli  XLl-blue  with 
various  concentrations  of  isopropyl  p-D-thiogalacto- 
pyranoside  (IPTG). 


avp3  biopanning  using  the  JCFN-RGD  library 

Integrin  biopanning  was  performed  similarly  to  the 
method  described.42  Purified  av(53  (5  pg/ ml  in  TBS  buf¬ 
fer  containing  2  mM  CaCl2)  was  bound  to  a  single  micro¬ 
titer  well  of  a  96-well  plate.  The  well  was  rinsed  three 
times  with  sterile  water  containing  2mM  CaCl2  and 
blocked  with  5%  phage  blocking  reagent  (Novagen, 
Darmstadt,  Germany)  for  one  hour  at  room  temperature. 
The  plate  was  rinsed  five  times  with  TBS  buffer  contain¬ 
ing  0.1%  Tween-20  and  2  mM  CaCl2,  then  incubated 
with  JCFN-RGD  library  diluted  in  5%  blocking  reagent 
for  one  hour.  The  plate  was  washed  ten  times  with  TBS 
buffer  containing  0.1%  Tween  20  and  2mM  CaCl2  and 
bound  phage  were  eluted  with  0.2  M  glycine-HCl  (pH 
2.2)  containing  1  mg/ml  BSA  for  ten  minutes  at  room 
temperature  with  gentle  agitation  and  neutralized  with 
15%  (v/v)  1M  Tris-HCl  (pH  9.1).  The  phage  were 
amplified  using  the  E.  coli  ER2738  host  strain  (New 
England  Biolabs,  Beverly,  MA)  in  the  presence  of  1  mM, 
0.1  mM  or  with  no  IPTG  and  purified  by  precipitating 
with  20%  (w/v)  polyethylene  glycol-8000,  2.5  M  NaCl 
and  resuspending  in  PBS  containing  20%  (v/v)  glycerol. 
The  biopanning  and  amplification  of  eluted  phage  were 
repeated  for  two  more  rounds.  Upon  completion  of 
three  rounds  of  biopanning,  individual  phage  clones 
were  amplified  and  the  genomes  were  purified  by 
phenol-extraction.  Polymerase  chain  reaction  was  per¬ 
formed  with  the  primers  SFN3F  (AGCTCAATTGGTCC 
GGTGGAGGTTCTGATGTTCCGCGTGACCTG)  and 
SFN3R  (AGCTAAGCTTTTAGGTACGGTAGTTAATCG 
AG  AT)  to  amplify  the  FNfnlO  domain.  The  DNA  was 
sequenced  using  the  SFN3F  primer. 


Construction  of  pET/JCLI4-W  to  A  and  pET/JCLI4-E 
to  A  plasmids 

The  DNA  fragment  which  contains  a  tryptophan  to 
alanine  mutation  in  the  FG  loop  of  FNfnlO-3JCLI4  was 
constructed  using  PCR.  The  first  PCR  was  performed 
using  oligonucleotides  T7  promoter  primer  (TAATACG 
ACTCACTATAGGG)  and  JCLI4WtoAR  (GGTACGGTA 
GTTAATCGAGATTGGCTTGGACCCCTCATTCGCATC 
GCCGCGAGGAGTAAC),  and  pET/3JCLI4  as  the 
template.  After  the  PCR  product  was  purified  with 
QIAquick  PCR  purification  kit  (Qiagen),  the  second 
PCR  was  performed  using  oligonucleotides  T7  promoter 
primer  and  FNGKKGKR  (CCGACTCGAGTTACTATTT 
ACCTT  TTTTACCGGTACGGTAGTTAATCGAG),  and 
the  purified  first  PCR  product  as  the  template.  The 
second  PCR  product  was  purified  with  QIAquick  PCR 
purification  kit,  digested  with  Xbal  and  Xhol,  and  the 
DNA  fragment  was  recovered  after  electrophoresis 
using  QIAEX  II  gel  extraction  kit  (Qiagen).  The  DNA 
fragment  was  ligated  with  the  plasmid  pAS45,7  which 
was  digested  with  Xbal  and  Xhol  and  cleaned  up  with 
QIAEX  II  gel  extraction  kit.  The  resulting  plasmid  is 
pET/JCLI4-W  to  A. 

The  plasmid  pET/JCLI4-E  to  A,  that  has  a  glutamic 
acid  to  alanine  mutation  in  the  FG  loop  of  JCLI4-FN, 
was  constructed  in  the  same  way  except  that  a  primer 
JCLI4  EtoAR  was  used  instead  of  JCLI4WtoAR  (GGTAC 
GGTAGTTAATCGAGATTGGCTTGGACCCGGCATTCC 
AATCGCCGCGAGG). 


Protein  preparation 

The  expression  of  FNfnlO  proteins  was  performed  as 
described7  except  that  the  proteins  were  further  bio¬ 
tinylated.  After  purification,  the  protein-containing 
solution  was  applied  to  a  nickel  affinity  column  and 
unbound  materials  were  washed  off;  the  column  was 
then  equilibrated  with  50  mM  sodium  phosphate  buffer 
(pH  8.0)  containing  500  mM  sodium  chloride.  D-Bio- 
tinoyl-E-aminocaptoic  acid  N-hydroxysuccinimide  ester 
(726  pM)  (Boehringer  Mannheim,  Mannheim,  Germany) 
in  the  same  buffer  was  applied  to  the  column,  and  the 
column  was  incubated  for  an  hour  at  room  temperature 
to  perform  biotinylation.  The  column  was  washed  with 
20  mM  Tris-HCl  buffer  (pH  8.0)  containing  500  mM 
sodium  chloride,  and  the  biotinylated  FNfnlO  was  eluted 
with  the  buffer  containing  500  mM  imidazole.  The 
proteins  purified  in  this  manner  were  >90%  pure  as 
judged  by  SDS-PAGE  and  reverse  phase  chromato¬ 
graphy.  Protein  concentrations  for  subsequent  analyses 
were  determined  by  Bradford  assay  and  confirmed  by 
SDS-PAGE  analysis  and  Coomassie  Brilliant  Blue  stain¬ 
ing.  Biotinylation  was  confirmed  by  Western  analysis 
with  streptavidin-horseradish  peroxidase  (Oncogene, 
Cambridge,  MA). 

ELISA  detection  of  biotinylated  FNfnlO  clones 

Purified  integrin  was  bound  to  a  flat-bottom,  high- 
binding  EIA/RIA  plate  (Coming  Costar,  Coming,  NY) 
at  a  concentration  of  5  p,g/ml  in  TBS  for  12-16  hours  at 
4  °C.  The  plate  was  washed  once  with  TBS  and  blocked 
for  two  hours  at  room  temperature  with  0.1  M  NaHC03, 
0.5  mg/ml  BSA,  0.2%  NaN3  (pH  8.6).  Biotinylated 
FNfnlO  clones  were  bound  in  TBST  +  Ca2+  (TBS,  0.1% 
Tween-20,  2  mM  CaCl2).  Plates  were  washed  ten  times 
with  TBST  +  Ca2+  and  incubated  20  minutes  with  2  fxg/ 
ml  streptavidin-horseradish  peroxidase  (Oncogene)  in 
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TBST  +  Ca2+  at  room  temperature.  Plates  were  washed 
ten  times  with  TBST  +  Ca2+.  Bound  peroxidase  was 
detected  with  ABTS  (2,2'-azino-di-3-ethyl-benzthiazoline 
sulfonic  acid)  peroxidase  substrate  (Sigma),  1  mg/ml 
in  0.1  M  sodium  citrate,  0.1  M  Na2HP04  (pH  4.0) 
supplemented  with  0.03%  hydrogen  peroxide.  Color 
was  allowed  to  develop  for  10-15  minutes  and  the  A400 
was  read  with  a  SpectraCount  ELISA  reader  (Packard, 
Downers  Grove,  IL). 


Flow  cytometric  detection  of  cell-binding  by 
biotinylated  FNfnIO  and  FNfn10-3JCLI4 

K562  cells  (105)  transfected  with  various  integrins 
were  resuspended  in  5  ml  FACS  buffer  (PBS,  0.5%  BSA, 
0.1%  NaN3),  washed,  and  resuspended  in  FACS  buffer 
containing  either  0.4  p,g/ml  FNfnIO  protein  (wild-type 
or  3JCLI4)  or  1  jig/ml  LM609,  prior  to  incubation  at 
room  temperature  for  20  minutes.  Cells  were  then 
washed  with  5  ml  FACS  buffer,  incubated  in  1:50  strepta- 
vidin-APC  (BD  Pharmingen,  San  Diego,  California)  for 
20  minutes  and  washed  again  with  5  ml  FACS  buffer, 
prior  to  detection  of  cell  surface  fluorescence  using  a 
FACSCalibur  flow  cytometer  (Becton  Dickinson,  San 
Jose,  California). 


Cell  adhesion  assays 

Fibronectin  and  vitronectin-coated  strips  (Chemicon) 
were  rehydrated  15  minutes  in  PBS.  Inhibitor  in  IMDM/ 
10%  FBS  was  added  to  the  bottom  of  the  well,  and 
105  cells /well  in  maintenance  media  were  added  to  a 
final  volume  of  100  pi/  well.  Cells  were  incubated  two 
hours  at  37  °C,  5%  C02,  washed  three  times  with  PBS  at 
room  temperature,  and  stained  ten  minutes  with  0.2% 
(w/v)  crystal  violet,  10%  (v/v)  ethanol.  Cells  were  then 
washed  three  times  with  PBS  and  solubilized  with  a  1:1 
ratio  of  PBS:absolute  ethanol  for  ten  minutes  with  agita¬ 
tion.  A6 00  was  measured  using  a  SpectraCount  ELISA 
reader  (Packard). 


In  vitro  capillary  tube  formation 

Quantimatrix  (Chemicon,  40  pi)  was  added  to  wells 
of  a  96-well  plate  (tube  count  determination)  or  300  pi 
was  added  to  a  24-well  plate  (total  tube  length 
determination)  and  solidified  one  hour  at  37  °C.  1  X  104 
(in  total  volume  50  pi,  96-well  plate)  or  4  X  104  (in  total 
volume  100  pi,  24-well  plate)  SV-HCECs  were  added 
in  maintenance  media  to  the  solidified  matrix  and 
incubated  at  37  °C  for  three  to  five  hours  until  capillary 
tubes  formed  in  the  presence  of  bFGF  and  the  absence 
of  inhibitor  (positive  control).  To  determine  total  number 
of  tubes,  wells  were  labeled  numerically  and  tubes 
were  counted  by  a  blinded  observer.  To  determine 
relative  tube  length,  pictures  were  taken  of  the  center 
of  the  well  at  40  X  total  magnification  by  a  blinded 
observer,  enlarged,  and  total  tube  length  measured 
(total  tube  length  of  bFGF-treated  cells  without 
inhibitor  =  1.0,  other  samples  expressed  as  a  relative 
total  tube  length).  For  purposes  of  classification,  a 
completed  capillary  tube  was  counted  if  it  stretched 
between  two  cell  groups;  cytoplasmic  extensions  were 
not  counted. 
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